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SOME ASPECTS OF MOLECULAR BEAM SCATTERING
G.N. Peggs
Division of Mechanical and Optical Metrology,
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Teddington, Middlesex.
The design and construction of a high in te n s ity , thermal energy 
molecular beam apparatus is described. The system has been 
used to investigate the spatia l d is tr ib u tio n  of molecules 
scattered from stainless steel targets with a range of surface 
fin ishes. The results indicate marked deviations from cosine 
scattering, which can be related to the surface fin is h  o f the 
target. The consequences o f these results are discussed. 
Methods of th e o re tica lly  predicting the spatia l d is tr ib u tio n  of 
molecules scattered from rough surfaces are reviewed.
The performance of the accumulation type of detector used fo r 
the m ajority o f the scattering experiments is  assessed, with 
pa rticu la r reference to the gain and d irectiona l properties.
The effects of detector misalignment o f the experimental 
detector have been computed and the results are presented.
A new type of high s e n s it iv ity  flow-through molecular beam 
detector is  described. Two versions of the detector have been 
developed; one fo r t im e -o f- fl ig h t studies where good time 
resolution is essentia l, the other fo r applications where the 
highest ion isation e ffic iency  is  required. I t  is  considered 
that these detectors w il l  have a wide application in the f ie ld  
of molecular beam detection.
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FIG. 1.1.1. TYPICAL MOLECULAR BEAM SYSTEM
Introduction
In recent years many studies have been made o f the 
in te ra tion  between thermal energy molecular beams and 
so lid  surfaces. The primary d i f f ic u l ty  with such experi­
ments is the low in te n s ity  o f the molecular beams which 
d icta te  the use o f sophisticated techniques in order to 
achieve a useable signal to noise ra tio .
System Design - General Comments
In designing a molecular beam apparatus three parameters 
must be optimized:
Beam In te n s ity : only a small frac tion  o f the molecules
introduced in to  the beam forming section o f the apparatus 
become part o f the fin a l beam, therefore a source should 
be used having the largest possible centreline in te n s ity  
fo r  a given gas input.
Source Size: in  order to reduce the number o f beam mole­
cules co llid in g  with the walls o f the intermediate chambers9 
the diameter o f the molecular beam source should be less 
than the diameter of the collim ating o r if ic e s . How th is  
can be achieved and yet maintain high beam in te n s ity  is  
discussed in section 1.1.3.
Source-Target distance: i t  is  important tha t th is  distance 
should be kept as short as possible, since the beam in ten­
s ity  decreases by an inverse square law. In general there 
are practica l re s tr ic tio n s , fo r example the experiment may 
require au x ilia ry  equipment, such as a beam modulator, 
between the source and the ta rge t. In add ition, the 
spacing between the various beam defining apertures must 
not be reduced to a point where the e ffec tive  pumping speed 
is  impaired.
Beam Generation 
Introduction
A typ ica l molecular beam system is  shov/n in  f ig  1.1.1.
The beam.source consists o f an o r if ic e  or a multichannel 
array mounted on the gas in le t  tube, which contains gas 
at pressure, pQ. Gas molecules from th is  beam source can 
escape in to  the source chamber which is  maintained a t a 
much lower pressure by a vacuum pump. the fra c tio n  o f the
molecules entering the chamber tha t w il l  form part of 
the fin a l beam is  g, which is  usually less than 0.01. I t  
follows tha t the source pump handles nearly a ll the gas 
molecules from the beam source. Consequently the speed 
of the vacuum pump evacuating the source chamber is  an 
important aspect in  the design o f the system. The maxi­
mum permissible gas in flu x  is  given by the fo llow ing express­
ion:
1 - q x in 15 smax " * 1 molecules /  sec
where S-j is  the speed o f the source
pump in l i t r e  /  sec
I,™  is  the maximum gas in flu x  in max 3
molecules /  sec
This calcu lation is  based on argon as the beam gas, and
a source chamber pressure of 1 x 10~2 Pa (^ lx l0 ’"4to rr )
The purpose o f th is  section is  to examine how th is  gas
in flu x  can be used to produce the highest centreline beam
in te n s ity .
Thin-Walled O rifice
Perhaps the most commonly used molecular beam source.
I t  consists o f a chamber, referred to as the 'oven1 which 
contains gas a t such a pressure that the mean free path,
A, o f the gas molecules in the oven is  o f the same order 
as the diameter o f the th in-walled o r if ic e  through which 
molecules effuse to form a beam. For molecular flow 
conditions the rate at which molecules effuse from the source 
is  given by:
?n
Rq = 2.64 x 10 (Pq - P.j) A molecules /  sec 
(MTg)1
where PQ is  the pressure in the ’ oven' in  Pa
Pn is  the pressure in the source chamber in Pa
2A is  the area of the o r if ic e  cm 
M is  the molecular weight o f the beam gas 
Tq is  the oven or source temperature in °K
The dual requirements o f small source size and maximum leak 
rate are not readily achieved with the e ffusive type molecula
beam source. For example, i f  the beam source used an 
o r if ic e  o f 1 mm. diameter, then a pump whose speed was
only 40 1/ sec would be required to maintain the source
-2 -4chamber at a pressure o f 1 x 10 Pa (Mx 10 to r r ) .
The use of a larger o r if ic e  and larger pump only increases
the flow o f beam gas in to  the source chamber, i t  does not 
increase the beam in te n s ity  fo r 1mm diameter collimated 
beam.
I t  is  possible to increase the pressure in the source so 
that the mean free path fo r molecules is  shorter than the 
diameter o f the o r if ic e .
This procedure w il l  increase the beam in te n s ity  fo r  a 
given o r if ic e  u n til the mean free path in the source is 
about a tenth o f the diameter o f the source o r if ic e .
Single C apillaries
The simplest way o f improving the d irectiona l properties o f 
a beam source operating in the molecular flow regime, is  
to use a tube instead o f a simple o r if ic e .
The angular d is tr ibu tions  have been calculated by Dayton 
(1956), who found tha t the d ire c tio n a lity  increased with 
L/a. Giordmaine and Wang(1960) showed tha t the h a lf 
width o f the d is tr ib u tio n  was given by 1.68 L/a. I f  the 
pressure in the tube is  raised, however, then the d ire c tion ­
a l i t y  w il l  be gradually lo s t.  Estermann (1947) demonstrated 
tha t th is  e ffe c t was caused by beam molecules co llid in g  
with a cloud o f molecules that tended to form in fro n t o f 
the tube. The flow in ca p illa r ie s  is  usually characterised 
by the "Inverse Knudseri Number",, which is  usually referred 
to as Kn"^. I t  is  the ra tio  between the pressure in  the 
tube and the pressure fo r which the mean free path o f mole­
cules is  equal to the diameter o f the tube.
K r f 1 =  P k T  0 0
188 to 2 d
where PQ is  the pressure in  the 
beam source in Pa 
k is  Boltzmann's Constant 
Tq is  the temperature o f the gas
in  the beam source in °K
a is  the molecular diameter in  cm
The flow regions are given approximately by the follow ing 
values o f Kn 1
Molecular Transition Viscous
0 - 1 1 - 10 10 +
1.1.3.3.1 The Calculation of the Gas Flow through Capillary Type Beam 
Sources
A rigorous analysis of gas flow in ca p illa ry  tubes in the 
tra n s itio n  range, has been made by Jones, Kruger and 
Olander (1968, 1969) who have shown that the rate at which 
gas can flow in to  a vacuum system from a single tube is  given 
by the fo llow ing expression:
1 = ' K 1* F ( 6 ) '
where K is  the Clausing fac to r 
fo r  the tube
1* is  the leak rate through an 
o r if ic e  having the same diameter . 
as the tube.
F (6) is  a function derived by . 
Jones et al to account fo r the 
contributions o f Knudsen, S lip 
and Poiseuille  flows.
6 represents Kn ^p re v io us ly  
defined in Section 1.3.3
This formula has been shown to predict the flow rates of
gases up to Kn  ^= 10, to w ith in  10%.
In the viscous flow regime i .e .  when Kn  ^ is  much greater 
than 10, the to ta l gas flow rate in to  the system is  given 
by:
1 = r(y )  1* where 1* is  the equivalent leak rate
in to  the system given by a th in  walled
o r if ic e ,
F(6) = 1  
6
>- I
u
u»
>
SL O 0 Z I
RELATIVE VELOCITY , » J ( Q & f 1
fig 1.1,2 Theoretical axial velocity 
distributions for monatomic gases 
C from the data of Anderson and Fenn )
50
G i o r d m o i n e  -  V/onq t h e o r y  
  , y20X
u>c
ISnQ)o. 0.5O.OI 0.02
source pressure ( Kn 1 )
fig 1 -1 .3  Peaking factor as a function 
of the reduced source pressure for a 
mosaic type multichannel beam source 
( from the data of Jones, Kruger and 
Olander ( 19^9 ) )
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where y is  the ra tio  of 
the specific  heats of 
the gas
For example r(y ) = 1.82 fo r Argon y =1.67. This formula 
is  due to Shapiro (1953).
When a cap illa ry  is  operated in th is  flow regime, i t  is  
usually referred to as a nozzle source. I t  can be seen 
how the nozzle source can produce a nearly mono-energetic 
molecular beam. Other properties of such sources are 
discussed by Anderson and Fenn (1961). (Fig 1.1.2)
1.1.3.3.2 Angular D is tribu tion
The angular d is tr ib u tio n  o f molecules from a ll beam sources 
is  best discussed in terms o f a peaking fac to r x 
which was f i r s t  introduced by Jones et al (1968). This 
fac to r is  defined as the ra tio  between the centre line 
in te n s ity  from the beam source and the centre line in te n s ity  
from an ideal o r if ic e  source fo r conditions o f equal flow 
ra te . Take fo r example an o r if ic e  o f a given diameter, 
and a tube of the same diameter as the o r if ic e  and of 
length, L. Now the beam in te n s ity  is the same fo r both 
sources providing that the same pressure is  maintained 
in the source. Hov/ever, the gas flow through the tube 
is  K times tha t fo r the o r if ic e .  Therefore the peaking 
facto r fo r a tube under molecular flow conditions is  K \
As the source pressure is  increased th is  fac to r w i l l  be 
reduced u n til fo r a monatomic gas a factor o f 2.0 is 
reached. The varia tion o f peaking facto r fo r a wide 
range of pressure is-shown in f ig  1.1.3 
In order to realise these high peaking factors the source 
must be operated at Kn  ^ less than un ity , and th is  raises 
problems o f beam in te n s ity .
In practice a single ca p illa ry  beam source can only be 
used to produce a high in te n s ity  molecular beam when 
operating in the viscous flow region. This has the ad­
vantage of high beam in te n s ity  and u t i l is in g  the fu l l  
pumping capab ility  o f the source pump. However, the 
peaking facto r o f such a source is low and a very small 
cap illa ry  diameter is  usually required ca llin g  fo r 
special precautions, Moran (1968 , 1969)
r (Y.) - 2 Try
Y + 1
y+1 y - 1
1.1.3.4 Multi-channel Sources
1.1.3.4.1 Introduction
In order to u t i l is e  the d irectiona l characteristics o f the 
single ca p illa ry  source, but at the same time take advant­
age of the improved in tens ity  tha t is  possible to achieve 
with a multi-channel array, many experimenters have deve­
loped techniques fo r the production of these sources.
King and Zacharius (1956) were the f i r s t  to produce 
sucessfully a multichannel source using "K rink ly" f o i l .  
Others to produce s im ila r sources included, Helmer,
Jacobus, and Sturrock (1960) who used an array o f tubes 
normally employed in the manufacture of Klystron valves; 
Giordmaine and Wang (1960) who used glass c a p illa r ie s ; 
and Hanes (1960) who developed a technique fo r  embedding 
a large number o f fine  wires in a p las tic  block which 
was subsequently treated to remove the wires to form the 
multichannel source. These devices were followed by a 
second generation of sources tha t used smaller diameter 
tubes and so could be used to provide a higher beam inten­
s ity  than the e a rlie r  types, fo r example those described 
by Johnson, S ta ir and Pritchard (1966). This type of 
beam source material can now be obtained from Bendix 
Mosaic Fabrications, Sturbridge, Mass., U.S.A.
1.1.3.4.2 Angular D is tribu tion  from a Multichannel Source
The peaking fac to r (Section 1 .1 .3 .3 .2 ), has been discussed 
at length by Giordmaine and Wang (1960) and measured fo r  a 
number o f types o f beam sources by Jones e t al (1968).
The multichannel source o ffers advantages in beam in te n s ity  
over conventional sources when i t  is  operated in the pres­
sure range fo r which i t  has been designed. However, when 
th is  is  combined with the requirements o f small source 
size and high beam in te n s ity , i t  is  often d i f f ic u l t  to 
manufacture a multichannel source of the appropriate size. 
The practica l advantages of such sources are the absence 
of alignment problems as demonstrated by Olander (1969) 
and the reduction in the problems of source contamination.
Section 1 Part 2
MOLECULAR BEAM APPARATUS
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1.2.1 Introduction
The important components of the apparatus are shown in 
f ig  1.2.1. The system consists of three d if fe re n t ia lly  
pumped chambers termed, source chamber, bu ffe r chamber, 
and experimental chamber. The source chamber houses 
the beam source which generates the intense molecular beam. 
The buffer chamber provides a method fo r iso la tin g  the high 
pressures in the source chamber from the stringent vacuum 
requirements of the experimental chamber. The experimental 
chamber houses the target and the detector together with 
the means of ro ta ting  these components.
1.2.2 Vacuum System
The apparatus is  shown in f ig .  1.2.2. and 1.2.3. The 
vacuum chambers are constructed e n tire ly  from EN58J 
stainless s tee l. Copper gasket or gold wire seals are 
used throughout. The vacuum aspects o f the three sections 
are discussed below.
1.2.2.1 Source Chamber
The purpose o f the source chamber is  to provide a means by 
which the beam source can be aligned with respect to the 
beam defining system, and a means o f maintaining th is  
alignment. In addition, the chamber should provide the 
highest possible conductance between the beam source and 
the vacuum pump.
The source chamber is  shown in f ig .  1.2.4. The m u lti­
channel source tha t generates the intense molecular beam 
is  fused in to  a 25 cm. long glass tube, which is  clamped 
approximately halfway .along i ts  length to enable fine  
adjustments to be made to position of the beam source.
The tube terminates in a glass-to-metal seal on the loca t­
ing assembly, which incorporates a special vacuum seal 
designed fo r th is  application by Clutterbuck (1969)., A 
viewing port is  provided on the gas in le t  assembly so that 
a l ig h t  source can be positioned to illum inate the m u lti­
channel source. The source can then be observed through 
the collim ating o rifice s  from the viewing port in  the 
experimental chamber (see f ig .  1 .2 .1 .). The vacuum seal 
hetween the source chamber and the rest o f the vacuum 
system is made by a gold wire "corner" seal. This ensures 
that beam source can be accurately repositioned when the

source chamber is  removed fo r any reason. The radial 
tolerance between the two elements o f the seal is 0.05mm. 
In view o f the d if f ic u lt ie s  encountered in the assembly 
o f the source chamber because of i ts  weight (350 lb s .)
■and the close tolerance seal, a railway was constructed 
to carry the chamber. This is  shown in f ig .  1.2.5.
The carriage is  located on the two stainless steel ra ils  
with two conventional ball-races and two horse-shoe re- 
cyc ling-ba ll bearings. The carriage employs a novel 
technique to enable small adjustments to be made to the 
height o f the chamber, the mechanism is shown in de ta il 
in  f ig .  1.2.5.
The source chamber is  pumped with an Edwards E09 o il 
d iffus ion  pump which is  rated at 3000 1/s unbaffled. A 
re frigerated ba ffle  is used to reduce the backstreaming 
rate of o il vapour. A base pressure o f 1 x 10-6 Pa
• •  K(^ 1x10 to rr )  has been achieved without baking, using 
DC 705 as the pump f lu id .  This pump is used in conjunc­
tion with an Edwards 1SC450B rotary pump. The baffled
speed of the combination is  1000 1/s. The normal operat-0 /*
ing pressure fo r the pump is  1 - 2 x 10" Pa (MO" to rr )  
which is  monitored using a Varian Mi H i to r r  gauge.
1.2.2.2 Buffer Chamber
This chamber is  evacuated using a Leybold D0503 d iffus ion  
pump together with a re frigerated chevron b a ffle , DC705 is  
used as the pump f lu id ,  and the ultimate pressure in the
_ C  O
system has been measured as 1 x 10" Pa (^ 1x10" t o r r ) . 
The speed of the combination is  300 1/sec. An Edwards 
E02 d iffus ion  pump and an Edwards ED250 rotary pump are 
used to back the main pump. The pressure in the chamber 
is  monitored by an Edwards 1G3K ion isation gauge.
This chamber is  separated from the experimental chamber by 
means o f 1.5 mm stainless steel diaphragm which also 
carries a collim ating o r if ic e .  During the in i t ia l  pump 
down i t  was found that the diaphragm d istorted in  an 
unpredictable way thus spo iling the alignment; th is  was 
cured by placing small metal wedges in the annular gap 
between the diaphragm and the main body of the vacuum 
chamber. This reduced the movement to a to lerab le  -
0.02 mm.
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Experimental Chamber
The vacuum conditions in th is  chamber are more stringent 
than those of the other two chambers; fo r th is  reason 
a mercury d iffus ion  pump was chosen. A d iffus ion  pump 
is  generally better suited to the requirements o f mole­
cular beam systems since they have more stable pumping 
characteristics fo r  the in e rt gases. An Edwards 9M3A 
was used fo r the pump in th is  application, th is  gave a 
baffled pumping speed of 500 1/sec. The ba ffle  used is  
o f a new type - both a re frigerated chevron ba ffle  and a 
1Z1 trap are housed in the same vacuum enclosure making 
a very compact and e ff ic ie n t arrangement. The 9M3A is 
backed by an Edwards EM2 d iffus ion  pump and an Edwards
ED250 rotary pump. The unbaked system achieves a base
-6  -8 pressure o f 1 x 10 Pa 1x10 to r r ) .  The ultim ate
-8o f the pump has been measured to be better than 1 x 10 
Pa lx l0 ~ ^ to r r )  as yet th is  capab ility  has not been 
u tili'sed  in th is  application.
The chamber i t s e l f  is  60 cm. in diameter and 60 cm. long. 
The main flanges are 70 cm. diameter and 40 th ick ; 
1mm. diameter gold wire is used as the sealing m ateria l. 
The target is  mounted on a rotary leadthrough which is  
positioned near the main pumping port. The detector 
is  mounted on a Vacuum Generators crystal manipulator tha 
allows 230 degree ro ta tion o f the detector and enables 
the detector to be moved out o f the beam.
Gas In le t System
In order to maintain stable beam in tens ity  a gas in le t  
system with good pressure regulation is  required. A 
schematic diagram o f the gas in le t  system used in the 
molecular beam apparatus is  shown in f ig .  1.2.6. A 
commercial high pressure cylinder is  used to contain the 
Grade X beam gas. Pressure regulation to w ith in  - 1 Pa 
has been achieved by the use o f both a conventional two- 
stage pressure regulator and an Edwards VPC 1 precision 
pressure regulator. Two capsule type pressure gauges 
are used to indicate the beam source pressure, a Wallace 
& Tiernan Model FA-1295 0 - 800 to r r  and a Negretti and 
Zambra 0 - 5 0  to rr  gauge.
A sintered glass plug is  used to prevent foreign p a rtic le  
blocking the fine  cap illa rie s  o f the multichannel source.
« lb
i l f c  i
1.2.3 Mechanical Alignment
1.2.3.1 Introduction
In order to make meaningful scattering measurements i t  
is  essential that the centre-line o f the beam should 
pass through the centres of ro ta tion  of the beam detector 
and the beam ta rge t. The error introduced by misalignment 
is  discussed in section 3.
1.2.3.2 Method
• The purpose o f the alignment procedure described here is
to ensure tha t the beam defined by the co llim ating o r i­
fices fa l ls  cen tra lly  on the ta rge t.
Four flanges were tem poralily modified to accept tungsten 
wires; the flanges are indicated in f ig .  1.2.7. as A,
A ', B, B1. Steel plates were machined to f i t  in to  
recesses already incorporated in to  the flanges. A 0.12 
mm. hole was d r ille d  in each p la te , th is  was accomplished 
by thinning the plate centre so that th is  small hole could 
be d r il le d . These plates were then positioned in the 
flanges and tungsten wires of 0.1 mm. diameter threaded 
through the holes and the wires su itab ly tensioned. I t  
was found necessary to reposition the hole in flange B
to enable the axis defined by the wire BB* to in te rsec t
the axis defined by the wire AA1. Next the wire used 
to define the BB' axis was removed and threaded on to the
the f i r s t  o r if ic e  plate holder. This holder was then
ins ta lled  in the apparatus and lig h t ly  clamped, when the 
tensioned wire passed free ly  through the o r if ic e .  A 
Taylor Hobson alignment telescope was used to observe the 
re la tive  positions o f the wire and the o r if ic e .  The 
holder was f in a l ly  clamped when the alignment wire was 
cen tra lly  positioned in the co llim ating o r if ic e .  The 
whole operation was repeated using the second co llim ating  
o r if ic e .
Once the collim ating o rifice s  had been aligned, the gas 
in le t  tube with the multi-channel source v/as introduced 
in to  the source chamber. The beam source was centra lised 
by means o f clamping screws as shown in f ig .  1.2.4. In 
order to view the source the alignment telescope was posi­
tioned behind the viewing port B (see f ig .  1 .2 .7 .) . The 
source was illum inated by a mercury vapour lamp positioned
0.2 mm
FIG 1 2 8 EXPERIMENTAL MOLECULAR BEAM SOURCE
on the beam axis near to the gas in le t  tube. A window 
had been incorporated in to  the gas in le t  system so that 
the beam source and collim ating o rifice s  could be ob­
served during pump-down.
This f a c i l i t y  enabled the movement of the diaphragm, on 
which the second collim ating o r if ic e  was mounted, to be 
observed. This was fortunate since movement of th is  
diaphragm caused the beam to be obscured on in i t ia l  pump 
down and the cause was quickly traced.
The accuracy in the o r if ic e  plate positioning tha t can be 
achieved with th is  technique is  + 0.1mm. and is  determined 
by the estimation of the position of the tensioned tung­
sten wire as i t  passes through the o r if ic e  plates.
Beam Formation 
Experimental Beam Source
The design requirements fo r the molecular beam source in 
this-beam apparatus were as fo llows:
1. The source diameter should not exceed 1 mm.
2. The construction o f the source should be such tha t the 
fu l l  pumping capacity o f the 1000 1/sec source pump 
should be u t ilis e d .
Calculation shows (see Section 11.3.2) that a simple o r if ic e  
source cannot meet both the required conditions and remain 
in e ithe r the molecular or trans itiona l flow regime.
A supersonic nozzle source was considered, but to operate 
e f f ic ie n t ly  on the small scale of th is  apparatus, a very 
small, 0.02 mm. diameter, nozzle v/ould be required and th is  
was considered to be p o te n tia lly  unre liab le.
A multi-channel source was thought to o ffe r the best solution 
In th is  apparatus the source is  not as e f f ic ie n t  as i t  might 
be, owing to the high source pressure used to ensure tha t 
the fu l l  pumping capacity o f the source pump is  used.
The beam source was constructed from a number o f fine  
cap illa rie s  tha t were bunched together and fed in to  a tube 
o f larger diameter. The whole assembly was heated as 
ca re fu lly  as possible in order to fuse the tubes together, 
so that the overall diameter of the source could be reduced
Km i i 1 T nnn ~T K /•% 1^ K/\ 4c r hni.m *i n
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f ig .  1.2.8. and i t  can be seen tha t the heating was not 
s u ff ic ie n t ly  uniform to prevent the outer tubes being 
stretched p re fe re n tia lly .
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1.2.4.2 Molecular Beam P ro file
1.2.4.2.1 Introduction
Idea lly  the target should be uniformly illum inated over a 
very small area, so that the gas molecules scattered 
from the surface can be regarded as having eminated from 
a point source. In practice th is  cannot be realised.
A computer programme has been devised to study the e ffects o f 
f in i te  source size (Illum inated target area) on the output 
o f the molecular beam detector, th is  is  reported in section
3.4 o f th is  thesis. I t  is  therefore necessary to know 
the diameter o f the molecular beam incident on the ta rget, 
so that the e ffects of i ts  size may be assessed.
1.2..4.2.2 Experimental Procedure
The purpose o f th is  experiment is to determine the dia­
meter o f the tes t beam by measuring the varia tion  in output 
from an accumulation type of beam detector scanned across 
the beam. The output from the detector is  shown in f ig .  
1.2.9. p lotted against the detector displacement. In 
order to calculate the beam diameter from the information 
in the fig u re , i t  is  necessary to assume:
1) the beam is  c ircu la r in cross-section
2) the beam has a uniform in tens ity
The output from the detector w il l  be proportional to the 
cross-sectional area of the beam intercepted by the 
detector, see Section 1 .4 .5 .2 .1 .1 . For a detector having 
an in le t  tube of 2.5 mm. diameter, i t  was found by compu­
ta tion  tha t the measured detector output would be obtained 
fo r  a beam diameter o f 3.0 mm. The theoretica l response 
and the experimental results are compared in f ig .  1.2.9.
The discrepancy between the tv/o curves is due to s lig h t 
non-uniformity o f the incident molecular beam.
1.2.4.3 Variation o f the Beam In tensity  with Beam Source Pressure 
An accumulation type of molecular beam detector was used 
to measure the beam in ten s ity  from the multi-channel beam 
source. Argon and Helium were used as the tes t gases, 
and the results fo r these are shown in f ig .  1.2.10 and 
f ig .  1.2.11. I t  v/as noted that although the Helium beam 
flu x  was constant up to an experimental l im it  o f 40 to r r ,  
the Argon beam flux  became non-linear at about 20 to r r .
I t  v/as thought that th is  non-linearity  may have been
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caused by overloading of the detector, but th is  was d is­
counted when the same trend was observed fo r a signal some 
three orders o f magnitude lower, when*the scattered beam 
was observed. This resu lt is also shown in f ig .  1.2.10; 
here the scattered-beam results have been adjusted to coin­
cide with the direct-beam results in the lin e a r region of 
the graph. In order to confirm that no changes in flow 
regime occurred, a leak-down experiment was conducted.
A fixed mass o f gas was allowed to leak through the m u lti­
channel source, and the rate o f the pressure decrease 
noted. In order to tes t tha t viscous flow existed in 
in the molecular beam source in the range of pressures 
measured, was p lotted against t ;  where Pq is  the 
source pressure in  to r r ,  and t  is  the time elapsed from 
the beginning o f the leak-down experiment. I f  the flow 
is  viscous then the p lo t w il l  y ie ld  a s tra igh t line  
(Dushman p. 112) deviations from th is  w il l  indicate tha t 
changes in the flow regime have occurred. This is  shown 
in f ig .  1.2.12, and demonstrates that w ith in  experimental 
uncerta in ities the flow from the beam source v/as viscous.
The non-linearity  in the Argon beam in ten s ity  at pressures 
greater than about 25 to r r  is  not caused by e ithe r de­
tecto r non -linea rity  or flow changes in the source. I t  is  
suggested that the non-linearity  in the in ten s ity  was 
caused by molecular co llis io ns  between molecules leaving 
adjacent channels in the source.
1.2.4.4 Optimum Source Operating Conditions
The molecular beam in ten s ity  v/as plotted against the pressure 
in the beam source. The results obtained fo r Argon are 
shown in f ig .  1.2.10. I t  was considered best to operate 
the molecular beam source at 25 to r r  fo r Argon, since at 
source pressures greater than th is  the source became in ­
e f f ic ie n t .  This phenemenon was also noted by Krakowski 
(1967, 68)
Section 1 Part 3
BEAM MODULATION
1.3.1 Introduction
The study o f gas-surface in teractions using a modulated 
molecular beam technique re lies  on detection equipment 
capable o f measuring a small beam signal in  the presence 
o f high ambient noise. The methods commonly used fo r  the 
recovery as such signals include phase sensitive detection 
and signal averaging. These techniques discrim inate against 
the random background noise by examining only tha t part 
o f the detected signal at the modulation frequency.
1.3.2, Beam Modulators - General Remarks
The main factors relevant in the choice of a beam modulator 
are as fo llows:
1) modulator frequency
2) frequency, amplitude and phase s ta b il i ty
3) shape of the detector function
4) in te raction  o f the modulator with the vacuum 
environment
There are two basic modulation techniques and these w il l  
be discussed with' respect to the above mentioned fac to rs .
1.3.2.1 Vibrating Element Modulators
This type o f modulator is  used in experiments where i t  is  
not necessary to employ a high modulation frequency and 
where the modulator is  used only fo r d iscrim ination 
against noise. The simplest designs use a v ib ra ting  
element driven at the resonant frequency, and generally 
have very high Q values (up to 200). The operating 
frequency of such devices is  seldom greater than 200 Hz. 
Modulators o f th is  type have been described by A ll am (1970), 
Foner and Hudson (1953), M cElligot, Roberts and Jernokoff 
(1963) Stickney, Fehrs and Lee (1968), and Bentley, Bishop 
and Leece (1961). The o s c illa to r  that is  used to supply 
the modulator with pov/er at the resonant frequency to 
maintain the device in motion, also supplies the reference 
channel of the phase sensitive detector, or other s im ila r 
device. I f  the resonant frequency o f the modulator should 
change due to , fo r example, temperature fluc tua tions , the 
amplitude of the modulator would be reduced and there would 
be a phase e rror introduced to the reference channel o f the 
detector.
I t  is  better to sense the frequency o f o s c illa tio n  o f the 
modulator by some external means, so that the phase sensi­
tive  detector is  operating at the true modulation frequency.
Leckenby, Robbins and Trevalion (1964) used a s tra in  
gauge on the reed to provide a coherent modulation re fe r­
ence frequency, w h ils t Foner and Hudson (1963) used a 
capacitive sensor on th e ir  modulator.
Wilkins (1970) employed a miniature tuning fork with 
d riv ing  and sensing co ils  tha t were used as part o f a 
feedback network to maintain the modulator in stable 
operation.
An a lte rna tive  approach v/as adopted by Ormrod and Patterson 
(1967) who used the voltage generated by the movement of 
a bar o f ceramic having p iezo-e lectric  properties which 
v/as attached to the v ib ra ting  element o f the modulator to 
drive the pov/er am p lifie r. This am plifie r was used to 
actuate the co il tha t maintained the reed in o s c illa tio n  - 
th is  constituted a feedback system that gives th is  modu­
la to r stable operating cha rac te ris tics . Like the 
modulator o f Allam the device is  lim ited  to a temperature 
of 250°C, above which the p iezo-e lectric  properties o f the 
material w il l  be lo s t.
E llis  (1971) used p iezo-e lectric  materials not only to 
sense the vib ra tion  o f the modulator but also to supply 
energy to drive the blades o f the modulator. Two blades 
are used in th is  device and they are mounted on a common 
support that is  designed to mechanically iso la te  the mod­
u la tor from its  mounting. By ca re fu lly  arranging the de­
gree of e le c tr ica l feedback between the sensing and driv ing  
elements high s ta b il i ty  operation can be achieved.
Andresen (1966) demonstrated a practica l modulator tha t 
could be used in forced o s c illa tio n  conditions i .e .  energy 
is  supplied to the modulator at a frequency well away from 
the resonant frequency. He used a chopping blade tha t v/as 
attached to a co il in a 3000 gauss magnetic f ie ld .  Ampli­
tudes of several m illim etres were achieved. Schwarz and 
Madix (1968) used an amplitude lim ited  modulator with 
mechanical sensing of the extremes of tra ve l. This 
f a c i l i t y  was used to derive the reference signal fo r  the 
phase sensitive detector. The advantage claimed fo r  th is  
device related to the generation o f th is  reference signal 
whose phase angle could be accurately related to the 
physical modulation of the beam. This enabled crude time- 
o f - f l ig h t  measurements to be made.
1.3.2.2 Rotating Element Modulators
This type of modulator is used when the modulation func­
tion  has to be known accurately, fo r example, in tim e-of- 
f l ig h t  studies. In addition higher modulation frequencies 
up to 2 KHz can be generated which is  an advantage when 
phase-shift ve loc ity  measurements are made. This has been 
extensively discussed by Yamamoto and Stickney (1967).
The practica l d i f f ic u lty  with these modulators is  providing 
a s u ff ic ie n t ly  re lia b le  motor drive and/or bearing arrange­
ment. The problems associated with these modulators is  
discussed by Hagena, Scott and Varma (1967) and Hagena and 
Varma (1968).
1.3.3 Beam Modulation Experimental
A motor driven disc and a simple reed chopper were used 
in i t ia l l y  but la te r a reed chopper employing frequency con­
tro l was used fo r the m ajority o f the scattering experiments 
tha t employed a modulated beam technique.
1.3.3.1 Motor Driven Disc
A Smith's Industries Ml7 Mark 4 synchronous motor v/as 
used to drive the modulator. This was chosen from the 
small number of types available at the time. There are 
now more types available in th is  country. The Ml7 was 
modified fo r  vacuum operation, th is  was achieved by re­
placing the existing bearings with Barden Bartemp un its . 
These bearings are s p e c ifica lly  designed fo r use in vacuo 
and are manufactured from stainless steel with a glass- 
f ib re  bearing cage that has been impregnated with molyb­
denum disulphide. Motors with the modifications described 
here have been used to drive ve loc ity  selectors a t ro ta­
tiona l speeds of up to 12,000 rpm fo r runs las ting  several 
hours, Cowley (1970).
The modulator disc fo r the molecular beam apparatus was 
manufactured from a high tens ile  a lloy  of aluminium. This 
combined low density to reduce the e ffects o f in e r t ia ,  with 
h igh .tens ile  strength to minimize the risk  of the disc 
frac tu ring  under the stresses o f high speed running. The 
disc is  8.5 cm. in diameter w ith a thickness of 0.5 mm. 
three equi-spaced s lo ts have been machined in the p e ri­
phery. The disc was then s ta t ic a lly  balanced as no pro­
longed high speed running was envisaged.
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The position o f the slo ts in the disc was sensed by the 
in te rrup tion  o f a l ig h t  beam. A photo-sensitive in te ­
grated am plifie r was used in conjunction with the lig h t  
source to produce a signal to drive the reference channel 
o f a phase sensitive detector. The device used fo r  th is  
application was a RCA 3062 and the c irc u it  diagram is 
shown in f ig .  1.3.1. The discrete components associated 
with the photo-am plifier were assembled on a small printed 
c irc u it  board and mounted inside the vacuum system. Care 
was taken to ensure tha t the materials used did not degrade 
the vacuum conditions in the source chamber. The per­
formance o f the device can be assessed from f ig .  1 .3 .2 ., 
which shows the output from the photo-sensitive am p lifie r 
fo r a ro ta tiona l speed o f 12,000 rpm. The Ml7 motor was 
powered by two 200 W Vortexion am plifie rs . The signal 
fo r each was derived from an AIM Electronics TR0 129 
o s c illa to r . The two am plifiers were connected to the 
Scott transformer, which provided the three phase output 
fo r the motor. This is  shown in f ig .  1.3.3. This is  
an unusual technique fo r the operation o f three phase 
motors. I t  has the advantages that only two am plifiers 
are used, and because the two input signals to the ampli­
f ie rs  are always in quadrature i t  is  easy to make an 
o s c illa to r  that w il l  maintain th is  phase re la tion  independ­
ent o f frequency. Although th is  system worked well fo r  
some time the motors could not be operated safe ly fo r more 
than 90 minutes without overheating. Hence an a lte rna tive  
system v/as investigated.
.3.2 V ibrating Reed 1
The chopper used in the molecular beam system is. shown in 
f i g . 1.3.4. The rod v/as made from 4.5 mm. diameter 
stainless s tee l. A d rive r un it is  mechanically coupled 
to the rod near the flange. The amplitude o f v ib ra tion  can 
easily be changed by adjusting the power supply voltage 
to the driv ing am p lifie r. An AIM Electronics o s c illa to r  
is  used to generate the supply voltage. The disadvantage 
found, as with the other modulators driven at th e ir  reso­
nant frequency, was the d i f f ic u l ty  of using a reference 
. frequency h a lf the frequency o f the modulation frequency.
In addition, changes o f phase due to changes in the reso-
I25 mm
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ance frequency of the chopper could not be detected.
Reed Chopper 2
This modulator employs a feedback system to s ta b ilise  the 
frequency o f modulation. The modulator is  of a type 
described by' E llis  (1971), and manufactured by Edinburgh 
Instruments Ltd. A s im ila r device has been used to 
modulate in fra  red radiation incident on spectroscopes 
on a UK s a te ll i te .  This p a rticu la r modulator has been 
designed to operate at approximately 28 Hz. The f re ­
quency s ta b il i ty  has been measured as - 0.07 Hz fo r long 
operating runs. The output from the frequency sensing 
element on the modulator is  amplified and then used to 
"lock" the phase sensitive detection equipment to the f re ­
quency. This modulator has proved to be very re lia b le , 
sometimes i t  was run fo r several days. The device also 
provides a signal at the modulation frequency, tha t has 
been sensed d ire c tly  from the v ib ra ting  elements o f the 
chopper.
A photograph of the device is  shown in f ig .  1.3.5.
Section 1 Part 4
MOLECULAR BEAM DETECTORS
1.4.1 Introduction
Beam detection is a p a rticu la r ly  important fac to r in a 
beam experiment. The s e n s it iv ity  and resolution, both in 
space and time determine the information that can be derived 
from the detector output. In the most commonly used type 
of detector a small frac tion  of the incident neutral mole­
cules is  ionised by electron bombardment and is  then co l­
lected. The m ajority o f these detectors can be cate­
gorised according to how the incident molecular beam 
interacts with the structure of the detector before the mole­
cules are ionised.
Consider the fo llow ing cases;
1) I f  a ll the molecules in the incident molecular beam pass 
through the detector without co llis ion s  w ith the walls
o f the detector, th is  is  knov/n as a Flow Through Detector 
The most important property o f th is  type o f detector is  
that the instantaneous ion current output is  propor­
tional to the instantaneous flu x  density o f the in c i­
dent molecular beam. I t  is  well suited fo r use with 
a system that measures molecular ve loc ity  d is tr ib u ­
tions by t im e -o f- f lig h t techniques.
2) I f  a ll the molecules incident on the detector undergo - 
co llis io ns  with the walls o f the detector and bu ild  up 
a dynamic equilibrium  with the molecules effusing 
from the detector entrance, then th is  type o f detector 
is  known as an Accumulation Detector. These detectors 
are most suited to high s e n s it iv ity  applications where 
a short time constant is  not required.
3) Detectors that do not belong in e ithe r of the above 
categories are usually referred to as Mixed-Flow Detec­
tors .
Alcalay and Knuth (1969) used a s im ila r technique fo r  
categorizing molecular beam detectors, and were able to 
deduce some of the dynamic properties o f such detectors.
1.4.2 Survey of the Electron Bombardment Ionisers used in  Flow- 
Through Molecular Beam Detectors
1.4.2.1 Introduction
There are several d iffe re n t types of such detectors and 
these w il l  be surveyed b r ie f ly ,  c lass ifie d  according to 
the paths of the ion ising electrons w ith in  the detector 
and means of introducing the molecular beam.
Nier Type
The most commonly used ion iser is  that developed by Nier 
(1940, 1947). A magnetic f ie ld  is  used to collim ate the 
electron beam in the ion iser and so improve ion isation 
e ffic ie n cy . Quinne et al (1958) were f i r s t  to use th is  
type o f source especially fo r the detection of molecular 
beams. Pendlebury and Smith (1966) employed an independ­
ently  pumped Nier type ion iser to improve the signal to 
noise ra tio  of the detected s igna l.
Axial Type
This type o f ion iser is  used when the highest possible ion­
isa tion  e ffic iency  is  required. Since time response is  
not a problem a long length o f beam may be sampled. This 
is  usually about 100 mm. The ionisers are based on the 
Pierce electron gun (1940). The filam ent and electron 
beam forming elements are arranged para lle l to the mole­
cular beam, the electron tra jec to rie s  being across the 
molecular beam. Ions formed by electron - molecule 
co llis io n  w il l  be expelled along the axis o f the molecular 
beam due to the electron space charge. A detector o f th is  
type was f i r s t  developed by Weiss (1961). A s im ila r type 
of detector was also used by Aberth (1963) and by Bickes and 
Berstein (1970). These detectors are capable of ion is ing 
1 molecule in 250-400 depending on the operating conditions.
In the o rig ina l paper of Weiss i t  was claimed tha t 1 in 40 
molecules could be ionised, but i t  was pointed out by 
Bickes (1970) that due to an e rro r in the d e fin it io n  o f 
the angle subtended by the detector from the beam source 
that the figure  was in fac t 1 in 250.
The practica l disadvantage of these detectors is  the large 
emission design requires large filaments and th is  results 
in a high thermal load on the system. Stein and Binns (1948) 
developed an axial ion iser tha t incorporated a solenoid 
coaxial with the molecular beam that was used to c o l l i ­
mate the ion ising electrons. This ion iser was used in  a 
sensitive leak detector. Doctoroff, Grossel and Oblas 
(1961) used a s im ila r p rinc ip le  fo r a mass spectrometer 
ion source.
Cross-Beam Type
This term refers to ionisers tha t have an ion is ing  region in 
the form of a th in  sheet o f electrons normal to the plane
o f the molecular beam. This type o f ion izer is  especially 
suitable fo r use in t im e -o f- f lig h t beam detectors.
Such ionisers must combine high ion isation e ffic iency  with 
a well defined electron cloud. Electrons are constrained 
e ithe r by a' complex electrode arrangement, Jakus (1968), 
Friedmann(1959), Wessel and Lew (1963) and Wilson (1969), 
or by a magnetic f ie ld ,  Hagena, Scott and Varma (1967) and 
Bauchert and Hagena (1965). Other more e f f ic ie n t  techni­
ques w il l  be discussed in  Sections 4.2.6, 4 .2 .7 .
Heil Type
Heil (1943) developed an e ff ic ie n t ion iser fo r molecular 
beam detection. I t  consisted o f two cathodes situated 
in an axial magnetic f ie ld .  Suitably biased electrodes 
caused the electrons emitted from these cathodes to o s c i l l ­
ate between the two cathodes before co llid in g  w ith the anode. 
Fricke (1955) improved the performance of th is  ion iser but 
found that the alignment o f the cathodes in the magnetic 
f ie ld  gave the device l i t t l e  advantage over the more con­
ventional types of ion iser.
Orbitina Electron Tvoe
This type of ion iser was f i r s t  described by Mourad, Pauly 
and Herb (1964).- Electrons from a heated filam ent are 
in jected in to  the e le c tro s ta tic  f ie ld  between two concentric 
cylinders. The energies and angular momenta of these 
electrons is  such tha t they w il l  fo llow  long o rb ita l t ra ­
jec to ries  around the central cy linder. The o rb itin g  
electrons have very long mean free paths and are very 
e ff ic ie n t at creating ions by electron-molecule c o llis io n . 
This type of device was f i r s t  used as an ion isa tion  gauge 
by Meyer & Herb (1967) and was also described a t length by 
Bryant and Gosselin (1967). The device was used by Alca- 
lay as a Accumulation type molecular beam detector (1967, 
1968). Callinan (1968) used an orbitron type detector 
as a t im e -o f- f lig h t detector. However the e le c tro s ta tic  
f ie ld  necessary to maintain electrons in long stable t ra ­
jec to ries  was d istorted by using a short outer cy lin d rica l 
electrode.
O sc illa ting  Electron Type
The use o f a charged p a rtic le  o s c illa to r  as a molecular 
beam ion iser is  discussed in th is  thesis and in  Peggs and 
M c llra ith  (1973).
Summary
The ionisers discussed in th is  section demonstrates the 
d ive rs ity  of the available types o f ion iser used fo r 
flow-through type molecular beam detectors. Most e f f i ­
c ien t are the Orbitron and Charged P artic le  O sc illa to r 
types, see tab le. These generate electrons having 
extremely long electron mean free paths, which is  a 
d ire c t measure of the ion iser e ffic ie ncy . However,, the 
energy spread of the ions generated by these sources is  
sometimes unsuitable fo r  mass spectrometric applications. 
In these cases an ion iser o f a Pierce or Nier type would 
be su itab le .
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1.4.3 A Sensitive Flow-Through Molecular Beam Detector fo r
T im e-of-F light Studies
1.4.3.1 Introduction
A new type of beam detector has been developed based on the 
charged p a rtic le  o s c illa to r , f i r s t  described by M c llra ith  
(1966). This detector is  designed to measure molecular 
ve loc ity  d is tr ib u tio n  when used in conjunction with a time- 
o f - f l ig h t  (TOF) molecular beam system. The detector u t i ­
lizes a simple e le c tro s ta tic  f ie ld  both to confine a band 
o f o s c illa tin g  electrons and to expel the ions formed when 
these electrons co llide  with beam molecules.
1.4.3.2 Design Requirements fo r a TOF Detector
In the simplest TOF system, a molecular beam is modulated
in a well defined way and the resultant molecular packets
are detected a fte r they have trave lled  a known distance.
The molecular ve loc ity  d is tr ib u tio n  is calculated from the 
shape of the detected pulse. This calcu lation is  s im p li­
fied  i f  the output from the beam detector is d ire c tly  pro­
portional to the instantaneous beam density. This re­
quirement is sa tis fied  by a "flow-through" type o f detector 
i .e .  a detector designed to allow a ll beam molecules to 
pass through without co llid in g  with the walls o f the 
detector. I t  is  these wall co llis ion s  that would cause 
the output signal to become d istorted in a complex way: 
the scattered molecules being ionized some time a fte r  the 
d ire c t beam pulse and weighting the calculated ve loc ity  
d is tr ib u tio n  towards molecules w ith low ve lo c itie s . 
Detectors that employ th is  "flow-through" mode o f operation 
have a low s e n s it iv ity , because each beam molecule has one 
opportunity only fo r an ion izing c o llis io n  as i t  passes 
through the detector. In addition, the time resolution 
requirements demand tha t the length o f the beam sampled 
is  res tric ted  to about 1 mm. I t  is  important therefore 
that the ion ization e ffic iency  be very high w ith in  the 
ion ization zone.
I t  is  with these requirements, i .e .  good "flow-through" 
characteristics and high ion iza tion  e ffic ie n cy , tha t a 
charged p a rtic le  o s c illa to r  detector was developed. In 
sa tis fy ing  these requirements the performance o f the 
detector compares very favourably with devices using a 
magnetic f ie ld  or complex electrode arrangements to con- 
. s tra in  the electron cloud.
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1.4.3.3 Description and Principles of Operation
1.4.3.3.1 Electrode Arrangement
The general arrangement of the detector is  shown in fig s  1.4.1, 
1.4.2. I t  consists of a pa ir o f anode wires symmetrically 
disposed about the axis o f a surrounding cy lin d rica l elec­
trode.
This cylinder is constructed from a stainless steel tube 
100 mm. long and having a 25 mm. bore. Its  in te rna l 
surface was honed to remove surface imperfections that 
could cause local ir re g u la r it ie s  in the e le c tro s ta tic  
• f ie ld . The tube is  closed at both ends by perforated 
metal plates, which serve both to confine the electrons 
w ith in  the tube and to aid pumping. The central wires 
are made of platinum coated molybdenum of 0.15 mm. diameter 
and are tensioned by means of stainless steel springs.
The wires are maintained at a high positive  potentia l 
re la tive  to the outer cy linder. Electrons emitted from 
the hairpin filam ent are attracted by the anode wires 
and fo llow  long o sc illa to ry  tra jec to rie s  to form a band 
o f o sc illa tin g  electrons which extends to w ith in  one 
radius o f each end of the cylinder. F ie ld disturbances 
are the most damaging when they occur near the cylinder 
wall as here the electrons move at th e ir  lowest speed 
and hence are most easily lo s t by deflection in to  unstable 
tra je c to rie s . I t  is therefore desirable to reduce the 
disturbances due to the filam ent and the ion e x it  s lo t as 
fa r  as possible.
Two o rifice s  are machined in the wall o f the outer cylinder 
to allow the molecular beam to pass transversely through 
the region where the o s c illa tin g  electrons have the maxi­
mum cross section fo r the production of ions by c o llis io n .
A defining o r if ic e  ensures that the beam does not s tr ik e  
the walls o f the cylinder.
The m ajority of the ions formed by the mol ecu!e-electron 
co llis ions  travel along radial paths.
Collection of these ions is  achieved e ithe r by allowing 
them to impinge on an insulated section of the outer 
cy linder, or by allowing them to escape through an e x it 
s lo t in to  a Faraday cup outside the detector. In both 
cases the time resolution of the detector is  contro lled 
by the width of th is  co llec to r owing to the rad ia l paths 
followed by the ions.
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1.4.3.3.2 Electron Trajectories
I t  has been shown th e o re tica lly  by M c llra ith  (1972) and 
experimentally by Rushton & Fitch (1971), see f ig .  1.4.3. 
that electrons do not fo llow  stable tra jec to ries  unless 
the separation of the wires is  greater tha t about 1/13th 
o f the diameter of the surrounding cy linder. In addi­
tio n , i t  was found by computation that the width of the 
band o f o sc illa tin g  electrons in the region o f the mole­
cular beam is  approximately twice the separation o f the 
w ires. A compromise separation of 1/1Oth of the diameter 
o f the outer cylinder was chosen,this ensures not only 
stable operation but also high electron density in the 
region of the in jected molecular beam.
The electrons o sc illa tin g  in the device have cross sec­
tions fo r ion izing co llis io n s  that vary w ith position 
in the detector in  the manner shown in f ig .  1 .4 .4 ., using 
the data o f Rapp and Englander-Golden (1965) fo r electron 
co llis io n  cross-sections. I t  follows tha t a beam of 
molecules passing through the detector in the region in d i­
cated is  more e f f ic ie n t ly  ionized than the background 
molecules which traverse a ll parts of the band o f o s c il­
la ting  electrons. Thus there is a useful degree of 
d iscrim ination against the background molecules passing 
through the wedge from which ions are expelled in to  the 
co llec to r.
1.4.3.4 Operating Characteristics
I t  is  important that a detector used fo r quan tita tive  
measurements of gas density should not be subject to 
large changes in s e n s it iv ity  fo r small changes in 
operating characte ris tics .
The disturbance to the e le c tr ic  f ie ld  w ith in  the detector 
due to the presence of the filam ent is  minimised by 
operating the filam ent at a suitable pos itive  bias potent­
ia l ,  V^, re la tive  to the cy linder. The optimum value 
fo r  the filam ent bias is  best found by t r i a l .
Fig. 1.4.5. shows how the ion current from the device 
. varies with the anode voltage, fo r a constant emission 
current o f lOyA flowing in the wire c ir c u it .  The value 
o f the filam ent bias potentia l was adjusted during the 
experiment fo r the maximum value o f ion current. For
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fig 1. U. 7b VARIATION OF COLLECTED ION
CURRENT W ITH  F IL A M E N T  BIAS P O T E N T IA L
an emission current of lOyA there is  no worthwhile
advantage in using an anode voltage greater than 1000V,
th is  value was adopted fo r the rest of the experiments.
The ion current was plotted against the emission
current, shown in f ig .  1.4.6 fo r an optimized bias
po ten tia l; i t  was found tha t some degree of non -linea rity
was present, amounting to 5% at 30yA. This non -linea rity
was due to the loss of some electrons through deflections
in to  unstable tra jec to rie s  by the space charge f ie ld .
The emission current flowing to the wires is  usually
measured since th is  current represents the electrons
being lo s t to the wires from the electron cloud. I t  is
very much more d i f f ic u l t ,  however, to s ta b ilise  th is  current
because the s ta b ilis in g  c irc u it  must be well insulated
from the tube potentia l and must not be sensitive to
switching transients. Hence in a ll the charged p a rtic le
detectors described the filam ent bias current was s ta b ilise d .
I n i t ia l ly  an experiment was performed to check tha t each
varied lin e a r ly  with ion current output. I t  was found that
both currents were proportional to ion current in  the
-4pressure range up to 1 x 10 Pa.
For the previous experiments the temperature o f the filam ent 
was adjusted so tha t the desired operating conditions 
were achieved fo r  a pa rticu la r emission. This does not 
give an information concerning the e ffic iency  w ith which 
the filam ent is  operating.
The fo llow ing experiment v/as performed in order to evaluate 
the best operating conditions fo r the filam ent. A high 
s ta b il i ty  power supply was used to maintain the filam ent at 
a constant temperature so that a constant number o f elec­
trons could be considered to be eminating from the filam ent. 
The varia tion  o f the electron current flowing to the wires 
against the filam ent bias is  shown in f ig .  1.4.7a The 
varia tion  o f the collected ion current was also p lotted 
against filam ent bias under the same conditions, f ig . .
1.4. 7 b . Taken together i t  can be seen tha t although 
the electron current to the wires fa lls  rap id ly  with in ­
creasing values of the bias voltage the ion iz ing  e f f i ­
ciency is  s ig n if ic a n tly  greater at the higher bias 
potentia ls . This suggests that fo r certa in bias potentia ls 
the o s c illa tin g  electrons are maintained in o rb its  o f higher
IO
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s ta b il i ty ,  and therefore fo llow  longer paths. The 
way in which the filam ent is biased is  obviously very 
important to the operation o f the gauge, as previously 
mentioned the filam ent causes a considerable disturbance 
to the f ie ld  in the v ic in ity  of the filam ent.
I t  was considered tha t an additional electrode could be 
introduced in order to compensate fo r the presence of the 
filam ent. This electrode was not incorporated in  th is  
detector but was used on the high s e n s it iv ity  detector 
discussed in Section 1.4.4.4. Equally the ion e x it  s lo t 
creates a f ie ld  disturbance in a region where the electrons 
are moving at th e ir  lowest speed. A negatively biased 
electrode, known as the corrector p la te, is  used to pro­
duce a compensating f ie ld .  I t  consists o f a cylind* r ica l 
sector pierced by a s lo t which is  covered by a g rid  o f high 
transparency. I t  was anticipated that there would be an 
optimum potential a t which to operate the electrode, 
corresponding to the equi-potentia l calculated from the 
electrode spacing and applied poten tia ls . The varia tion  
of the collected ion current with the corrector plate 
potential is  shown in f ig .  1.4.8. The gradual increase 
in the ion output would indicate tha t the f in i te  thickness 
of the s lo t in  the detector tube did not allow f u l l  f ie ld  
penetration.
Detector Performance ~
In normal operation the detector is  run with an anode voltage 
o f 100 V, a filam ent bias of 30 V and an emission current 
o f lOyA. Under these conditions the s e n s it iv ity  of the 
detector when operated as a pressure gauge is  1 9 /to rr fo r 
Argon, w ith in  the operating pressure range of the device.
Jhe yaria tion  o f the s e n s it iv ity  with pressure is  shown 
in f ig .  1.4.9. in the range 1 x 1(T4 - 1 x 10“ 7 to r r .  This 
s e n s it iv ity  figure  refers to the ion output from a wedge 
12 mm. high, 6 mm. long and of base width 1.5 mm. The 
s e n s it iv ity  is  increased by a fac to r 3, i f  the corrector 
plate is  operated a t a potentia l o f - 750y and the 
co llec to r is  operated a t a potentia l of - 1000Y re la tiv e  to 
the cylinder.
The s e n s it iv ity  of th is  detector to a beam of Argon at 
20°C is 6/ to r r .  This value is derived from a knowledge
of the fo llow ing: i ts  s e n s it iv ity  as a pressure gauge
(1 9 /to rr) ; the position and cross-sectional area of the
molecular beam; the k ine tic  energies of the o s c illa tin g
electrons as a function of th e ir  position in the detector;
the cross-sections o f the electrons fo r the production of
Argon ions as a function of electron energy. The length
2o f the beam sampled is ^ l mm. , while i ts  area is  12.6 mm , 
corresponding to a beam o f 4 mm. diameter. Accordingly 
an atom passing through the sensitive zone has a p robab ility
5
o f 1 in 4. 10 of becoming ionized when the detector is  
operating at an emission o f lOyA.
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1.4.4 A Flow Through Molecular Beam Detector o f High S e n s itiv ity
1.4.4.1 Introduction
The detector described in the previous section was designed 
specia lly  fo r t im e -o f- f l ig h t experiments. The s e n s it iv ity  
o f the device w h ils t being high fo r the special require­
ments o f a t im e -o f- f l ig h t detector was not high in absol­
ute terms. This detector employs s im ila r princip les 
but u tiliz e s  the fu l l  capab ility  o f the electron cloud 
to ionize the beam molecules.
1.4.4.2 Description of the Detector
A detector has been designed fo r  use in conjunction with 
a molecular beam of nominal diameter of 4-6 mm. A 
photograph of the detector is  shown in f ig .  1.4.10.
The detector consists o f a stainless steel tube 25 mm. 
diameter and 75 mm. long. End plates are used to constrain 
the cloud of o sc illa tin g  electrons; o r if ice s  were machined 
in these end plates to allow the passage of the molecular 
beam through the device. One o f these o rif ice s  can, 
i f  required, be omitted in order to convert the detector 
in to  an accumulation detector with the inherent gain in 
s e n s it iv ity .
The filam ent is  an AEI Type 71-895, electron microscope 
filam ent, being a small hairpin o f 0.1 mm. diameter tung­
sten wire mounted on a ceramic holder. This filam ent 
o ffers a considerable advantage in that i t  can be changed 
very eas ily . The anode wires are 0.15 mm. diameter 
platinum coated molybdenum, which are tensioned by means 
of cantilever springs mounted on the ceramic insulators 
that a lign the central anode wires. The s ta b iliz e r  
electrode is  made from 0.15 mm. diameter platinum coated 
molybdenum wire - the tensioning of th is  electrode is  
by means of a simple screw arrangement. This electrode 
lie s  both in a plane axial w ith the anode and in a plane 
normal to the wires. I t  is  positioned on the opposite 
side of the cy linderica l anode and a distance from i t  
equal to the penetration o f the filam ent.
The ion co llec to r is made of fused s i l ic a .  I t  is  shaped 
to f i t  in the s lo t machined in the anode. The inner 
surface o f the co llec to r was ground to conform to the 
shape of the anode. This surface was coated w ith a gold
film  deposited on a chromium substrate - th is  defined Ihe
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FIG 1.4.15 Variation of optimum fi lament bias  
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region from which ions could be collected. A s lo t 
was ground on one end of the co llec to r enabling a small 
c lip  to clamp the e le c tr ica l connection in position. 
Characteristics of the High S ens itiv ity  Molecular Beam 
Detector
The detector was tested in the experimental chamber o f
the molecular beam apparatus. The pressure in th is
-4chamber was maintained at about 1 x 10 Pa o f Argon.
The detector was f i r s t  operated with an anode potentia l
o f 1000V, a filament potential o f 1.680V, a filam ent
bias potential o f 5.0V, and a s ta b ilis e r  electrode
potential o f 0.0V. This gave an emission current o f about
-95yA and an ion output o f about 1 x 10 A.
The optimum operating conditions fo r the filam ent were 
determined using a s im ila r technique to that used with the 
TOF detector. The filam ent was operated at a constant 
current i .e .  with a constant potential across i t .  The 
filam ent bias potential was adjusted so that the maxi- 
mum ion output current was achieved fo r each emission 
current se tting . The varia tion of the optimum filam ent 
bias potential with emission current is shown in f ig .  
1.4.15. The varia tion  of the ion output current fo r  a 
t r a i l  se tting  o f the filam ent current is  shown in f ig .  
1.4.11. The form of th is  graph does not correspond to a 
s im ila r p lo t fo r the TOF detector, see f ig .  1 .4 .7 ., which 
showed an increase in the s e n s it iv ity  fo r the higher 
filament bias potentia ls . I t  was concluded tha t the 
discrepancy was due to. the d iffe re n t ion co llec tion  
geometries.
For the next set of experiments the emission v/as contro lled 
by a un it based on the design of Chapman (1972). The 
optimum biasing conditions fo r fixed emission were 
achieved by e ithe r re fe rring  to f ig .  1.4.15. or observing 
the minimum value o f the filam ent potential when the 
filament bias potential was varied.
The ion current output was plotted against the current 
flowing in the wires fo r  a fixed anode potential o f 1000V. 
The filam ent bias potential was optimised fo r each emission 
current. This is  shown in  f ig .  1.4.12. The graph 
demonstrates that the filam ent characteristics of th is
detector are s im ila r to those o f the TOF detector, see
on current  
o utp ut
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fig. 1.4.13 P L O T  OF ION C U R R E N T  AGAINST  
ANODE VOLTAGE
f ig .  1.4.6. The emission becomes non-linear at about 
25yA - and can be used to generate emission currents o f 
up to 45yA, above which the filam ent operating temperature 
becomes too great fo r re lia b le  operation.
A ll the preceding experiments have been performed with 
an anode potential applied to the wires. The varia tion  
o f the ion current output with applied anode voltage was 
measured and th is  is shown in f ig .  1.4.13. A constant 
emission current o f 5yA was used and the filam ent bias 
potential was optimised fo r each anode po ten tia l. 
S tab ilize r Electrode
During the operation o f the t im e -o f- fl ig h t molecular beam 
detector discussed in Section 4.3, i t  was noticed tha t 
the detector s e n s it iv ity  was greater when operated at the 
higher filam ent bias poten tia ls . I t  was thought tha t the 
high bias potentials created a favourable e le c tr ic  f ie ld  
in the region of the filam ent fo r the production of 
electrons capable of fo llow ing stable tra je c to r ie s . 
Consequently an additional electrode was incorporated in 
the High S en s itiv ity  detector discussed in Section 4.4.
The purpose of th is  electrode v/as to perturb the electron 
tra jec to ries  with the same e ffe c t as changing the f i l a ­
ment bias po ten tia l, and so produce a useful gain in ion 
output current.
Potentials were applied to the experimental detector in  
the range - 30V to + 30V. No gain was observed. I t  was 
found that due to shadowing the electrode reduced the . 
overall gain of the detector by 8%. I f  the potentia l 
applied to the electrode exceeded a magnitude of 20V the 
ion current was reduced to zero. I t  v/as concluded tha t 
th is  electrode did not perform in  the way anticipated and 
was consequently removed.
Detector Performance
The s e n s it iv ity  fo r Argon of the detector operating as a
pressure gauge has been measured in the pressure range
5 x 10“ 8 - 2 x 10 8 to r r .  A calibrated Mullard I0G 12
ion isa tion  gauge was used fo r the pressure measurement.
-4I t  was found that fo r pressures less than about 1 x 10 Pa 
(1 x 10~8to rr )  the detector s e n s it iv ity  was 1100/ to r r .  
This was achieved when the detector v/as operated with an 
anode potential o f 1100V, an emission current o f 10yA,
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filam ent bias potential o f 5.0V. The varia tion  o f the 
s e n s it iv ity  with pressure fo r th is  detector is  shown in 
f ig .  1.4.14.
INCIDENT MOLECULAR 
BEAM
J l H i *
. ;v „ :: •'•.=/•' ‘L .
i s i i i r a
m m m m
FIG .1.4.16 PARALLEL MOLECULAR BEAM 
INCIDENT ON ACCUMULATION TYPE 
MOLECULAR BEAM DETECTOR
1.4.5 Steady State or Accumulation Type of Molecular Beam
Detector
1.4.5.1 Introduction and H istorica l Background
An accumulation type of molecular beam detector has the 
property o f’ increasing the apparent number density o f the 
incident molecular beam. This is achieved by ensuring 
that the only way that molecules can enter or leave the 
detector envelope is  via an o r if ic e  or tube. Well 
collimated beam molecules incident on the detector w il l  
pass d ire c tly  in to  the detector through the input tube.
In order to leave the detector volume these molecules 
must have co llided at least once with the walls o f the 
detector. An equilibrium  pressure is  then established 
w ith in  the detector that is  higher than incident beam 
density. The magnitude of th is  pressure is  proportional 
to the incident beam density and inversely proportional 
to the transmission p robab ility  fo r molecules through the 
tube.
The steady state molecular beam detector using the p rin ­
c ip le  o f electron bombardment was f i r s t  mentioned in 
de ta il by Johnson (1928). Frisch and Stern (1933) 
used an input tube to obtain higher s e n s it iv it ie s  from 
the detector.
Huntoon and E lle t (1933) used a s im ila r device fo r  the 
detection of mercury beams. Hurl but (1953) was the 
f i r s t  to use a matched pair of ion isation gauges placed 
in opposing d irections in order to reduce the e ffects of 
pressure fluctuations in the experimental chamber. The 
difference in ion output was proportional to the molecular 
beam f lu x . This technique was used more recently by Scott 
and Dewry (1963) fo r the ve loc ity  analysis of supersonic 
molecular beams issuing from nozzle sources.
1.4.5.2 Factors Influencing the Design o f the Detector
The factors to be considered when designing an Accumulation 
type of detector are discussed in th is  section. • The 
choice o f the dimensions o f the entrance tube is  the key 
facto r in the overall performance of the detector.
1.4.5.2.1 Gain
1.4.5.2.1.1 For a Paralle l Incident Beam
Consider a beam of molecules incident on the detector as
shown in f ig .  1.4.16. The number of molecules entering the
Straight through
tan'
tan
C J /~  I A 1*7 i iv5. i ..-r. t /.
detector and tra ve llin g  down the input tube is given by:
"e = nO cb A
where nQ is  the density of the incident beam
c^ is  the mean molecular ve loc ity  of
molecules incident on the detector
A is  the area of the input o r if ic e
Now since the molecules can only leave the detector via
the input tube and since th is  can only be found by a random
process the number of molecules leaving the detector is
given by the fo llow ing re la tion :
ni = n c . A K 1 s a
4
where n  ^ is  the density of molecules w ith in  s J
the detector envelope 
c^ is  the mean molecular ve loc ity  of 
molecules in the detector 
K is  the Clausing fac to r fo r  the 
input tube
At equilibrium  the number o f molecules entering the 
detector is  the same as the number leaving, so tha t we 
can equate n-, and n
I c  •
n c , A K = 4 n c, A s d o b
I t  is assumed tha t the temperature 
o f the incident beam is  the same 
as the temperature o f the detector 
envelope.
1.4.5.2.1.2 For a Divergent Incident Beam
The rate at which molecules enter the beam detector i f  the
incident beam is pa ra lle l is  given by nQ c^ A. However,
i f  the molecular beam incident on the detector diverges
from a source a distance d from the input tube, then a
new expression must be used fo r the detector gain. This
s itua tion  is  shown in f ig .  1.4.17.' *“ For a divergent beam
2only a frac tion  d o f the molecules incident
( d + L )2
on the detector w il l  pass through without co llis io n s  with 
the walls. The remainder w il l  be transmitted through the 
tube with a p robab ility  N
0) K L2 I 1 -  d2
(d * L)2 \ (d + L)2 /
where K is  the Clausing factor fo r the 
tube
to is  a fac to r to compensate fo r  the 
predominance o f low incidence 
angles fo r  those molecules that 
co llid e  w ith the input tube.
These molecules are transmitted 
more easily  through the tube.
Jones et al (1968) have shown tha t 
2.0 is  a suitable value fo r w.
L is  the length o f the input tube 
Thus the gain of an accumulation type of detector to an 
incident divergent beam is  given by the follow ing ex­
pression:
which can be reduced to the fo llow ing expression, when
A basis fo r predicting the d irectiona l properties of the 
accumulation type o f molecular beam detector have been 
formulated. These d irectiona l properties have been 
measured fo r a typ ica l detector and the results compared 
with the theory outlined in the fo llow ing sections.
For a para lle l beam of molecules incident on the beam 
detector a t an angle a to the axis o f the input tube, P, 
the detector output w il l  be less than the detector output 
fo r a = 0. The varia tion  of th is  output with a is  d is ­
cussed in th is  section. Consider a volume containing 
gas, which is  maintained by external means, at a density
of n ; attached to th is  volume is  a tube, P, o f lenqth o ~
L, and radius, R, ( f ig .  1.4.16). A pa ra lle l beam c ■ 
molecules incident on the detector at an angle a w i l l  be 
transmitted with a p robab ility  of Toe. The gain o f the
L »  d
G = 4 d2 + 2KL2 
K (d + L)2
1.4.5.2.2 Detector D ire c tio n a lity
1.4.5.2.2.1 Introduction
1.4.5.2.2.2 For a Paralle l Beam
detector w i l l  then become 4 T a cos a . The facto r
K
cos a compensates fo r  changes in the projected area o f 
the input o r if ic e  fo r varying beam incidence angles.
This s itua tion  is  seldom realised in a practica l case.
The more complex s itua tion  fo r divergent beams must be 
considered.
1.4.5.2.2.3 For a Divergent Beam
I t  is. considerably more d i f f ic u l t  to compute the trans­
mission p robab ilities  fo r  molecules incident on a tube, 
when they form part o f a divergent molecular beam.
Icokowski, Margrave and Robinson (1963) solved the re le ­
vant equations fo r  some special cases but did not present 
transmission p robab ilities  fo r a ^ 0 . The approach 
described in th is  thesis is  thought to be s u ff ic ie n t ly  
accurate fo r  the calculations associated with the d irec tion ­
a l i t y  o f accumulation molecular beam detectors. For the 
calculation o f the spatia l response o f the detector the 
calculation is  divided in to  three in te rva ls , the physical 
significance o f each can best be seen from f ig  1.4.17.
1) 0$ ' a 4 tan D d »  L
L + d
where D is  the diameter o f the input tube
L is  the length o f the tube
d is  the distance o f the fro n t face
o f the detector from the source of
divergent molecular beam 
In th is  range the gain o f the detector is  given by
6 = 4  . d2 + 2KL2
K ( d + L )'
2) tan~^ D < a < ta
L + d
\
where r-j, are the ra d ii associated with the
diverging beam at 1) the entrance o r i­
f ic e , marked I in f ig .  1.4.17. 
and 2) the e x it o r if ic e ,  marked E in 
f ig .  1.4.17.
S S1’ 2 is  the distance between the common
chord and the centre of the appropriate 
c irc le .
K is the Clausing fac to r fo r  the tube
J is  a fac to r related to the transmission
o f molecules through the tube a fte r 
scattering at the tube w a ll.
3) tan  ^ D a 4: tt /2
G = 4 
K
T a cos a ©
where T a is  the transmission p rob a b ility  fo r  
molecules incident on the detector a t 
a
In practice the detector response curve can be generated in 
the follow ing way:
1) In the range 0 ^ a ^  tan"' D
L + d
b is  given oy expression {jy
In the range tan  ^ D £ tan  ^ J)
L + d L
G can be expressed as the linea r in te rpo la tion  
between the value of G at a = tan  ^ D
L + d
given b y®
and the value o f G at a = tan  ^ JD given b y ®
L
In the range tan  ^ D tt /  2
L
G is  given by expression®
50m m
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1.4.5.2.2.4 Experimental V e rifica tio n  of Theory
The detector used fo r the measurements was tha t used fo r 
the m ajority of the gas-scattering work described in th is  
thesis. The design was based on a Mullard IOG-12 
Bayard AT pert type ion isation gauge. An entrance tube 
manufactured from precision glass ca p illa ry  23 mm. long 
and 2.5 mm. bore was mounted on the side o f the gauge 
as shown in f ig .  1.4.18. A graded glass seal was used 
to jo in  the Pyrex ca p illa ry  to the Kodial body o f the gauge. 
The detector was mounted on a Vacuum Generators UMDI 
crysta l manipulator so that the axis o f the entrance tube 
was pa ra lle l with the molecular beam. Care was taken 
to ensure tha t the axis o f ro ta tion  and the fro n t face o f 
the detector were in the same plane.
The vacuum system was evacuated in the usual way and a 
uniform in te n s ity  Argon beam generated. I t  was f i r s t  
necessary to a lign the detector with the centre lin e  o f the 
molecular beam. This was achieved by maximizing the ion 
current output from the detector using the trans la tiona l 
fa c i l i t ie s  o f the crysta l manipulator. The beam in ten­
s ity  during these experiments was measured on a Negretti 
and Zambra 0 - 5 0  to r r  capsule gauge. The ion current 
from the detector was measured every 0.5°, in  the range 
0 - 3° and 2.5° in the range 3 - 90°.
Results
The ion current output has been plotted against detector 
angle, and th is  is shown in f ig .  1.4.19. The experimental 
results are also represented on a polar coordinate system 
which is  shown in f ig .  1.4.21. The calculated output 
fo r  a pa ra lle l beam case is  also shown, normalised to the 
experimental maximum. A more detailed comparison is  
shown in  f ig .  1.4.20 in which three curves are shown fo r  
a res tric ted  range of detector angles. These are as 
fo llow s:
1) the experimental curve, fo r  a detector o f L/a = 18.5
2) the theoretical response of a detector having L/a =18.5
to a para lle l beam. The peak value o f th is  curve has
been normalised using a fac to r o f 1.24 re la tiv e  to the
maximum of the experimental curve. This fac to r 
2 2represents the d + 2KL factor as discussed in 
(d + L)2 
Section 1.4.5 .2 .1 .2 .
3) the complete theoretica l response o f the detector 
Conclusions
The technique fo r predicting the d ire c tio n a lity  o f an 
accumulation type of molecular beam detector developed 
in th is  work gives results that are s u ff ic ie n tly  accurate 
fo r  normal requirements.
1.4.5.2.3 Signal to Noise Ratio
The output current from an accumulation type beam detector 
can be expressed by the follow ing equation -
where S is  the s e n s it iv ity  o f the detector 
to a random flu x  o f molecules when 
no input tube is  f i t te d ,  
p is  the equivalent beam pressure of 
the incident beam 
i_ is  the emission current 
K is the Clausing fac to r fo r  the 
input tube
The fluc tua tion  o f the output signal is caused in  the 
main by the fo llow ing factors:
1) e le c tr ica l interference
2) thermal changes associated with the filam ent 
causing ambient pressure fluctuations in the gauge
3) pressure fluctuations in the vacuum chamber
The experimental gauge is  screened by earthing the con­
ducting film  on the gauge envelope.
The effects of pressure fluctuations w ith in  the detector 
can only be reduced by the use o f the highest pumping 
speed in  the experimental chamber. I f  an input tube 
with a small value o f K is  used in an attempt to reduce 
the pressure fluctuations by increasing the time constant 
o f the detector, then th is  w il l  resu lt in an increase 
in the base pressure w ith in  the detector.
The experimental detector should have a gain s u ff ic ie n t 
to enable the beam signal to reach the required signal to 
noise ra tio . In addition an e ff ic ie n t ion iser is  required 
so that a filam ent having a low thermal capacity may be 
used.
1.4.6 Experimental Detectors - General Discussion
A major problem in molecular beam systems is  the 
positioning of the various components in  the experimental 
chamber, fo r  example i t  is  necessary to keep the ta rget- 
source distance as short as possible to maintain a high 
beam in te n s ity . This re s tr ic ts  the space available in 
which to move the detectors, especially in  the region where 
molecules are being backscattered from the ta rge t.
A fte r prelim inary experiments, i t  was found that the 
o rig ina l detectors based on the charged p a rtic le  o s c illa to r  
could not adequately investigate s u ff ic ie n t o f the back- 
scattering region. This was due to the mechanical 
arrangement o f the target and detector. Instead an 
accumulation type of molecular beam detector was used fo r 
the m ajority of the scattering experiments. I t  was 
realised, however, tha t molecular beam detectors based 
on the charged p a rtic le  o s c illa to r  offered many advantages 
over the more conventional types o f detector. Two 
detectors were designed and constructed; one with good 
time resolution fo r t im e -o f- f l ig h t experiments, and the 
other fo r applications where the highest ion isa tion  
e ffic iency  was required.
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fig 1 . 5 . 2  Typical S c a t te r e d  Beam Intensity Results  
for the  DC D etec t io n  Technique
Introduction
The ion current associated with a molecular beam scattered 
from a surface is  generally smaller than the ion current 
a ris ing  from the background gas. I t  is  therefore most 
important to have an e ffec tive  means of d iscrim inating 
against the background component of the s igna l. Two 
methods are available: f i r s t ,  the beam detector can be o f 
a type tha t is  more sensitive to directed beam molecules 
than to random background gas molecules. Second, the 
molecular beam can be modulated at a fixed frequency 
and a detection system can be used that is  only sensitive  
to signals at th is  p a rticu la r frequency. These techni­
ques are discussed in re la tion  to the methods used in  th is  
molecular beam apparatus.
DC Techniques
This section relates to the use of accumulation type 
detectors in the molecular beam apparatus. The experi­
mental set-up is shown in f ig .  1.5.1. This arrangement 
ensures that the target and the detector remain on a 
common ve rtica l axis during the scattering experiments.
The alignment of the input tube of the detector is  most 
important. In th is  apparatus the detector input tube 
is  located by a hole machined in the metal block B. The 
axis of th is  hole was previously aligned with the ta rge t 
and the beam axis by means o f an alignment rod, whose 
position could in turn be related to the beam axis. The 
implications of the misalignment are discussed at length 
in Section 3.
Signal Processing
The output from the detector is  measured using the 
suppressed-zero f a c i l i t y  o f an Edwards Model 5 ion isa tion  
gauge control u n it. The output from th is  am p lifie r 
actuates a Hewlett-Packard XY recorder. The Model 5 
control un it also serves to power the beam detector. A 
measurement o f beam flu x  is  taken by a lte rna te ly  exposing 
the beam detector to beam-on beam-off conditions using the 
beam flag  to in te rru p t the beam. Some typ ica l resu lts  are 
shown in f ig .  1.5.2. I t  is  evident tha t detector d r i f t  
would become a serious problem i f  the molecular beam in ten ­
s ity  were much lower than is available here. In processing
the results i t  is  assumed that the thermal d r i f t  of the 
detector is  constant during the period of the measurement. ■
1.5.3 Modulated Molecular Beam Detection Techniques
1.5.3.1 Introduction
The technique o f phase sensitive detection has been the 
most widely used method o f separating the molecular beam 
signal from the noise. This was f i r s t  used by F ite  and 
Brackmann (1958) and only recently has i t  been to some
extent superceded by more advanced techniques, including
fa s t multi-channel analysers.
The basis o f phase sensitive detection methods has been 
discussed by N ittrover (1968), Chaykowsky and Moore (1968). 
Yamamoto and Stickney (1967) have analysed the problems 
tha t can arise when phase sensitive methods are used in 
molecular beam experiments. The la t te r  work deals at 
length with the 'phase s h if t '  technique fo r making ve loc ity  
measurements of molecular beams scattered from surfaces.
1.5.3.2 Experimental Configuration
1.5.3.2.1 Preamplifier
I t  was considered an unnecessary complication to use an 
electron m u lt ip lie r  in conjunction with twin wire o s c i l l ­
ator gauge type molecular beam detectors, because o f th e ir  
high in tr in s ic  s e n s it iv it ie s . In addition repeated ad­
mission o f a ir  to the system could damage the m u lt ip lie r .
A simple electrometer valve am plifie r was used mounted 
d ire c tly  on the ion co llec to r o f the twin wire o s c illa to r  
gauge. This position was chosen to ensure tha t the stray 
capacitances associated with the input c ir c u it  o f the 
am plifie r were minimised. An ME 1403 electrometer valve 
was used as a voltage am p lifie r. The potentia ls fo r  the 
electrodes were supplied from manganese a lka line  batteries 
in a ca re fu lly  screened box outside the vacuum chamber. 
Glass encapsulated resistors were used to ensure tha t the 
am plifie r could be used fo r long periods in the vacuum 
chamber.
1.5.3.2.1.2 Performance
The varia tion  in anode voltage of the pream plifier was 
measured fo r a range o f ion currents generated by the 
twin wire o s c illa to r . For the p a rticu la r gauge used in 
these experiments - the TOF detector described in 
Section 1.4.3 - the pream plifier output was found to be
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5 -102.5 x 10 V/ to r r  i .e .  fo r a change of pressure o f 1 x 10
-5to r r  the anode voltage changes by 2.5 x 10 V. Shown in 
f ig .  1.5.3.
1.5.3.2.2 Low-Noise Am plifie r
A Brookdeal Low Noise am plifie r was used to amplify the 
output o f the pream plifier to a point where the output 
could be fed to the next stage of the detection system.
The am plifie r had the fa c i l i t y  fo r operating in  a chosen 
pass-band and experiment showed that the best operating 
conditions were:- high frequency 3db point = 100 Hz, and 
low frequency 3db point = 10 Hz. This condition was fo r 
a beam modulation frequency of 28 Hz. The choice o f th is  
frequency is  discussed in the next section.
1.5.3.2.3 Coherent F i lte r
Early gas scattering experiments with the molecular beam 
apparatus were conducted using high-Q tuned f i l t e r s .  The 
purpose of these f i l t e r s  was to re je c t those frequency com­
ponents not associated with the beam modulation frequency. 
However, these devices suffered from large phase changes 
in the region o f th e ir  resonant frequency which in  turn 
gave rise  to the p o s s ib ility  o f a s lig h t change o f gain 
in the detection system. The more advanced phase sensi­
tive  detection system that was used in conjunction with 
the molecular beam apparatus employed what is  termed a 
"coherent" f i l t e r .  This is  a device tha t does not 
introduce a phase change to the signal w ith in  the f i l t e r 's  
pass-band. I t  is  an ideal f i l t e r  fo r  th is  app lica tion .
The centre frequency of the f i l t e r  is  contro lled by a 
reference signal operating at the frequency of the mod­
u la to r.
A very useful application of th is  f i l t e r  was found. The 
input o f the f i l t e r  was connected to the unmodulated beam 
signal from the detector via the pream plifier and the 
low-noise am p lifie r. The reference input to the f i l t e r  
was connected to a variable frequency generator. The 
frequency o f the reference channel was varied and the 
output noted. The output represented the noise spectrum: 
o f the input s ignal. By noting the changes caused by, 
fo r example, the am plifie r earthing arrangements, the best 
beam modulation frequency can be chosen. Typical system
responses are shown in f ig .  1.5.4. I t  was found tha t
the region 25 - 30 Hz was most suitable fo r the beam 
modulation frequency.
1.5.3.2.4 Phase Sensitive Detector
An AIM Electronics phase sensitive detector is  used in  th is  
detection system. The un it has been modified to incor­
porate longer time-constants o f up to 150 sec.
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Description and Characterisation of the Target
Three stainless steel targets were used fo r the molecular 
beam scattering experiments. They were manufactured from 
EN58J material and had the fo llow ing dimensions:
50 mm. x 50 mm. x 1 mm. thickness. The surface f in is h  
on each target was produced in the fo llow ing manner:
1) Glass bead blasted
2) Fine Ground
3) Polished
4) Lapped
The surface roughness o f each sample was measured using 
a Taylor-Hobson Ta lysurf. The values fo r  the £entre 
Une Average roughness are given in the table below:
Specimen 1 2 / / * 2 J* 3 4
CLA u" 52 47 45 15 4
*  Refers to the d irection  o f the CLA measurement re la tive  
to the grinding marks on the surface.
A graphical representation of the varia tion  in the surface 
roughness is  shown in f ig s . 1 .6 . 1 . , 1 .6 .2a ., 1 .6 .2b ., 
and 1.6.3. The ground surface is the only one which shows 
any varia tion  in surface roughness with surface o rien ta tion . 
Once the gas scattering experiments were complete the 
targets were cut so that a portion could be mounted in 
the StereoScan Electron microscope (Cambridge Instruments 
L td .). The micrographs obtained are shown in f ig s .
1 .6 .4 ., 1 .6 .5 ., and 1 .6 .6 ., in  addition a stereo pa ir of 
photographs are shown in f ig .  1.6.7. The magnifications 
used fo r f ig s . 1.6.4. - 1.6.6. were 250, 600, 2500, and 
the magnification of the f ig .  1.6.7. was 1000. A scale 
is  given with each fig u re . 1 .6 .8 . shows highly polished 
specimen at magnifications of 800 and 18,000.
Target Cleaning Procedure
The stainless steel targets were cleaned by the fo llow ing 
process; 30 min u ltrasonic clean in Arkolone W as solvent, 
then 10 min rinse in Arkolone P. A ll remaining traces 
o f the solvents were removed with iso -propyl alcohol and 
a hot a ir  drying. The sample was then mounted on the 
target holder and placed in  the vacuum chamber. The
vacuum system was operated fo r about two days before 
scattering measurements were taken.
Section 2 Part 1
GAS-SURFACE SCATTERING FROM WELL 
CHARACTERIZED SURFACES
Introduction
I t  is  only recently tha t the vast body of molecular beam 
scattering data has been categorized according to gas- 
surface potentials as well as la t t ic e  parameters. This 
was reviewed by Smith (1973). Surfaces w ith strongly 
periodic potentia ls w il l  not be discussed here, Smith 
provides an excellent source reference to the most recent 
work.
Surfaces Characterised by Weakly Periodic Potentials 
Weinberg and M e rr ill (1972) have indicated tha t there are 
three classes of scattering.
Quasi-elastic
This type o f scattering is  characterised by a lobular 
scattering pattern that is  directed towards the specular 
angle. The shape o f the lobe is dominated by the ampli­
tude of v ib ra tion  of the surface atoms. The greater 
the amplitude of v ib ra tion  of the surface atoms the 
broader the lobe, in general. This is  known as thermal 
roughening, but is  known in so lid  state physics as the 
Debye-Waller e ffe c t.
The RMS value o f the atomic vibrations is  given by the 
expression below:
where h and k are Planck's and Boltzmann's
constants respectively
T and m are the temperature and s s
mass of the so lid  
Pp is  the Debye temperature o f the
so lid
Ine las tic
An energy transfer occurs in th is  regime related to the 
in te raction  time re la tive  to the cha racte ris tic  v ib ra tion  
of the atoms.
Trapping
The scattering process in th is  regime is  generally obscured 
by desorption of gas from the surface.
Summary
The three forms of scattering outlined in the preceding 
sections have been correlated by Weinberg and M e rr ill by 
the parameter D/k T ■ where D is  the e ffec tive  well depth 
po ten tia l, k is  Boltzmann's constant and T^ is  the incident
gas temperature. Small values o f th is  parameter chara­
cterize  quasi-e lastic  scattering ^  0.3. I t  has been 
shown by these workers that trapping dominates fo r  values
3.0. McClure has suggested tha t th is  is  the most re le ­
vant parameter fo r  beams of thermal energies.
3 The Significance of Knudsen's Law of Diffuse Scattering
Maxwell (1879) suggested a very simple model fo r the 
in te raction  o f thermal energy gas molecules with a so lid  
surface. In th is  model he states tha t a fra c tio n , e 
of the surface absorbs a ll incident molecules and re- 
emits them a fte r in i t ia l  impact with a Maxwellian speed 
d is tribu tion , characte ris tic  o f the surface temperature.
The remaining fra c tio n , (1 - e )-o f the surface is  then 
assumed to re fle c t a ll the incident molecules specularly.
'  This is  analogous to the optical s itua tion  o f re fle c tio n  
and rad ia tion .
The experiments conducted by Knudsen (1915) on the reco il 
o f atoms from surfaces^ concluded tha t e was nearly 
un ity . However, th is  implied tha t nearly every molecule 
is  absorbed onto the surface and subsequently re-em itted.
This did not agree with thermal accommodation coe ffic ien ts  
measured at th is  time.
Gaede (1913) f i r s t  suggested a dependence of molecular 
scattering on the second law of thermodynamics. He 
postulated tha t unless the d is tr ib u tio n  o f the to ta l f lu x  
eminating from the surface was cosine the second law 
would be vio la ted.
Unfortunately, u n til recently Knudsen's Law was regarded 
as a fundamental law of gas-surface physics. In re a lity  
i t  is  an empirical law tha t held fo r the types o f poorly 
defined surfaces used by the early experimenters. The 
law does not take in to  account d iffra c tio n  or any other 
directed scattering phenomena. Comsa (1968) attempted 
to incorporate molecular d if fra c tio n  from a surface in to  
a new theory based on neutron d iffra c tio n  theory. He 
predicted tha t i f  molecules incident on the surface at a 
pa rticu la r angle are scattered with a non-cosine d is tr ib u tio n  
then molecules incident at other angles w il l  also be 
scattered with a non-cosine d is tr ib u tio n . However,
Comsa was not able to develop th is  approach in to  a theory
with general application in the f ie ld  o f gas-surface
scattering.
Weenas (1971) analysed gas-surface in teractions fo r  gas 
and surface at the same temperature using the p rinc ip le  
o f Reciprocity. This technique was developed a fte r a 
thorough investigation of the basis fo r the Knudsen Law.
An outline  o f the technique is given in Appendix E.
The consequences of the "Equilibrium  Cosine Law" are two­
fo ld . F irs t ,  when a ll beam incidence angles are con­
sidered the overall scattered d is tr ib u tio n  is  cosine.
This has been experimentally v e rif ie d  by Palmer et al
(1970). Second, certa in symmetries were predicted 
between the d is tribu tions  of incident and scattered 
beams. These symmetry relationships were observed by 
M ille r  and Subbarao (1971). Kuscer (1971) independently 
suggested the use of Reciprocity fo r the analysis of gas- 
surface in te ractions. McCormick and Kuscer (1972) 
used th e ir  analysis to investigate the gas-flow in tubes 
with only a knowledge of the accommodation coe ffic ien ts  
and the dimensions o f duct.
Other experimental work has shown tha t even molecules 
desorbed from a surface do not conform to a cosine law 
d is tr ib u tio n . This was f i r s t  noticed by Van W illi gen 
(1968) who measured the spatia l d is tr ib u tio n  o f hydrogen 
molecules desorbed from a heated metal surface. He 
found tha t the d is tr ib u tio n  could be represented by a 
cos^O law, where d was in the range 2 - 7 .  These sur­
pris ing results were broadly confirmed by Stickney and 
Lee (1969), Dabiri et al (1971) and Stickney, Bradley 
and Levin (1972). The value o f d was found by these 
workers between m ateria ls, fo r example d = 4 fo r sta in less 
s tee l, d = 3 fo r platinium and d = 7 fo r iron .
Section 2 Part 2
GAS-SURFACE SCATTERING FROM 
ROUGH SURFACES
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fig 2. 2. 1. Nitrogen s c a t te re d  from various  
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Survey o f Experimental Work
The f i r s t  comprehensive study o f the scattering o f gas 
molecules from so lid  surfaces was made by Hurl but 
(1957 and 1959). He used a conventional two-stage 
molecular beam apparatus, consisting o f a source chamber 
and an experimental chamber. An accumulation type o f 
molecular beam detector was used to detect the scattered 
molecules from the surface. A summary o f his experimental 
resu.lts fo r  the scattering o f Nitrogen on targets manu­
factured from polished stainless s tee l, aluminium and 
unpolished glass are shown in f ig .  2.2.1. The spatia l 
d is tr ib u tio n  o f the scattered molecules does not seem 
to d if fe r  appreciably between surfaces. This is  not­
iceable when results with the same angle o f beam incidence 
are compared. Hurlbut does claim that a substantial 
frac tion  o f the Nitrogen molecules are specularly re flected 
by the glass, but an a lte rna tive  explanation could be a 
s lig h t misalignment o f his beam detector. This m isalign­
ment problem is  discussed elsewhere in th is  thesis.
Hagena (1966) examined the ve loc ity  d is tr ib u tio n  o f Argon 
molecules from a 'd ir ty ' stainless steel surface, i . e .  a 
surface from which no attempt had been made to remove the 
adsorbed gas molecules. He showed that the ve loc ity  
d is tr ib u tio n  o f the scattered beam molecules depended 
strongly on the scattered angle.
Fisher, Hagena & Wilmoth (1968) demonstrated the changes 
tha t could be induced in scattering patterns from a 
nickel target using surface heat treatment in  vacuo.
They also were able to show independently the e ffe c t on 
the scattering pattern o f changes in surface topology 
and physisorbed gas.
A nickel target was used to demonstrate these e ffe c ts .
F irs t scattering d is tribu tions  were measured p r io r  to any 
heat treatment, and th is  is  shown in f ig .  2 .2.2. The 
nickel target was then heated to 1015°K and the scattering 
d is tr ib u tio n  remeasured, a small increase in the fra c tion  
o f molecules specularly re flected was noted. This is  shown 
in f ig .  2.2.3. The target was then maintained at 900°K 
fo r several hours in order to anneal the n icke l. A fte r 
the annealing process i t  was noticeable from the scattering
pattern had occurred. I t  v/as concluded tha t th is  
represented a change in the surface structure , unfortu­
nately no roughness measurements were reported and so 
i t  can only be supposed tha t a change in surface rough­
ness occurred.
When the annealed surface was heated to 895°K a consid­
erable increase in the lobular nature o f the scattering 
d is tr ib u tio n  was observed. This implied tha t the • 
physisorbed gases on the surface had been removed by 
the extended heating. Fisher e t al also demonstrated 
s im ila r e ffects fo r stainless steel except a s truc tu ra l 
change was not noted a fte r "annealing" the surface fo r 
several hours. The results o f these experiments is  
shown in f ig .  2.2.4.
Before vacuum degassing the polished targets gave scattering 
patterns tha t conformed to Knudsen's Cosine Law, fo r 
thermal energy incident molecular beams. Bishara e t al 
also demonstrated the effects o f surface roughness on the 
scattering patterns, but no attempt was made to corre late 
the changes in the d is tr ib u tio n  of scattered molecules 
and the surface roughness.
For increasing beam energies a lobular d is tr ib u tio n  deve­
loped with the lobe maximum occurring between the surface 
normal and the specular d irec tion . The results broadly 
confirmed the results of Fisher et a l .
Bishara (1969) has carried out a rigorous examination of 
the scattering o f Argon from a monocrystalline s ilv e r  
surface. Although the surface of the s ilv e r  could not be 
regarded as rough in i t ia l l y ,  (surface roughness o f 0.1 - 
0.2  ym was measured) a fte r continuous heating to high 
temperatures thermal faceting increased the roughness 
considerably (10 - 20 ym).
O'Keefe and Palmer (1971) measured the spatia l d is tr ib u ­
tions o f molecules scattered from bead-blasted and polished 
glass surfaces. The results demonstrate the same trends 
as found in th is  thesis fo r stainless s tee l, but no in d i­
cation of the surface roughness was given by O'Keefe and 
Palmer.
In general, the examination o f cosine or 'near cosine' 
d is tr ibu tions  has been res tric ted  to the checking o f the 
molecular beam system. I t  is  hoped tha t results presented
in  th is  work demonstrate that tru ly  cosine scattering 
only occurs fo r special conditions of surface f in is h . 
Theoretical Techniques
There are three basic approaches to the very d i f f ic u l t  
problem of predicting the spatia l d is tr ib u tio n  o f mole-, 
cules scattered from rough surfaces
1) A molecular tra jec to ry  method involving computer 
simulated molecular tra jec to ries  from a randomly 
rough surface.
2) Methods that u t i l is e  existing theories concerned 
with the scattering o f l ig h t ,  and the propogation 
o f other forms of electromagnetic rad ia tion , fo r  
example, radar waves.
3) Modification to ex is ting  gas-surface in te raction  
theory to incorporate the effects of thermal 
roughening of the surface, (see Section 2 .1 .2 .1 .)
Molecular Trajectory Method
Smith, Kerber and Zeren (1971) have developed a method 
fo r  predicting the spatia l d is tr ib u tio n  o f molecules 
scattered from a rough surface.
The surface used by Smith e t al is termed pseudo-random 
because intersections of a ll the surfaces occur in  a 
regular array. The structure o f the surface is  pro­
duced by choosing randomly generated z coordinates throughout 
the surface and then jo in ing  these points up to form t r i ­
angular facets. A Gaussian d is tr ib u tio n  was used to 
generate the z coordinates. A "roughness" fac to r was 
defined in the fo llow ing way:
a
R = z
p x jS y )*
where 5x and 6y are the average
dimensions o f the x and y facets
a„ is  the standard deviation of 
£.
the z coordinate.
The in i t ia l  ve loc ity  and angle of incidence o f ind iv idua l 
.qas molecules are generated by a computer.
The outgoing ve loc ity  and angle o f re flec tio n  is  ca lcu l­
ated fo r each gas-surface c o llis io n , th is  may include 
m ultip le co llis ion s  with the surface. This technique has 
an advantage over a ll the other techniques discussed here,
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because the effects of m ultip le co llis ions  can be anal­
ysed. However5 th is  was found to take a considerable 
amount of computer time. Hence only a very few results 
are at present availab le, Smith (1973). A typ ica l resu lt 
o f the scattering patterns obtained is shown in f ig .
2 .2.5. Smith uses Logan's gas-surface model but others 
could easily  be used. Information regarding the energy 
accommodation co e ffic ie n t is  obtained much more easily  
than the scattering data. Typically 20,000 tra je c to rie s  
need to be studied before a useable scattering pattern 
is  generated.
The figure does show evidence o f backscattering o f the 
incoming molecules, which agrees with the results presented 
in th is  thesis and with the work of O'Keefe and Palmer
(1971).
Electromagnetic Theory Approach
The second approach to the problem of rough surface 
scattering was made by Healy (1966). This involves the
novel application o f well established work in e lec tro ­
magnetic wave theory, associated with the scattering o f 
electromagnetic waves from rough surfaces. Healy used 
the technique formulated by Beckmann & Spizzichino (1963) 
fo r  the problem o f horizon ta lly  polarised wave impinging 
on a perfectly  conducting rough surface.
fo r p »
P(e>) =
cos +  COS
¥  1
COS e, +  COS
exp
P(e>) =
‘i
¥ 2
(  COS® + cos ®9)2
1 Dimensional Case
2 Dimensional Case
P (^ )  is  the p robab ility  that a molecule w i l l  leave 
the surface at an angle e2
where p is  the RMS height, X is  the De Broglie wave 
length
Si
%
is  the angle o f incidence 
is  the angle o f re flec tion
K KI s 2 ,are normalising constants. B is  the RMS slope.
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Healy (1966, 1968) showed tha t fo r  the one dimensional 
case the d is tr ib u tio n  can also be calculated by Newtonian 
mechanics and the results are given below:
I t  has been shown that th is  expression can be used to f i t  
a wide selection o f experimental resu lts . The approach 
was c r it ic is e d  by J. Smith (1968) on the grounds tha t in 
the l im it  o f large B i .e .  a very rough surface, the 
scattering p rob ab ility  function P ^ )  does not tend to a 
cosine d is tr ib u tio n .
I t  is  shov/n in th is  thesis tha t i f  the value o f B is  chosen 
in the range 0.4 - O.5., then a close approximation to 
cosine scattering is  predicted using th is  theore tica l 
approach. The d is trib u tio ns  fo r  normal incidence beams 
are shown in f ig .  2 .2.6. Healy has shown tha t th is  
technique can be used to f i t  experimental gas-surface 
scattering data. This f i t t in g  process involves choosing 
a value o f B, the RMS slope of the surface. With a 
suitable value of B, the equations previously described 
can be used to predict scattering patterns fo r  any angle 
o f beam incidence. I t  is  not possible to pred ict the 
spatia l d is tr ib u tio n  o f molecules scattered from an 
a rb itra ry  surface. The reason fo r th is  s itu a tion  arises 
because th is  theory re lies  on the periodic nature o f the
surface, and i t  is  not possible to measure the B value o f 
a surface tha t is  raacroscopically 'smooth1. •
2 .2 .2.3 Incorporation o f Surface Roughness in to  Existing Theory
Logan, Keck and Stickney (1966, 1967) developed a simple 
classical theory fo r gas-surface in te ractions. This is 
based on impulsive co llis io n s  between gas molecules,
. represented by r ig id ,  e la s tic  spheres and a surface, 
represented by hard cubes vib ra ting  on an axis normal to 
the surface and constrained by a square-well po ten tia l.
The early work related to atomically smooth surfaces, but 
la te r  the effects were incorporated. The angle o f any 
part o f the surface to a reference plane was represented 
by a . The d is tr ib u tio n  o f the angles fo r  the surface 
facets is  given by the fo llow ing expression:
Pi (°) = 1 exp -o '\
/ i t  <  o >  <  o > c
where p-j (a) is  the d is tr ib u tio n  function fo r a
< a> represents the variance ofa
When th is  expression is  incorporated in to  the appropriate 
equations in the theory of Logan et a l , the e ffects o f 
thermal roughening can be assessed. The term thermal 
roughening is  discussed in section 2.1 .2 .1 . The expression 
fo r ca lcu lating the new scattering patterns is  given in  
Appendix D. This analysis is  used to calculate the 
scattering patterns predicted by the so-called Rough cube 
model.
Using th is  analysis i t  can be shown tha t the in-plane 
patterns change shape very l i t t l e  due to thermal roughening. 
However, the out-of-plane patterns are dependent on the 
roughness, the h a lf width o f the lobe being proportional 
to 2: o >.
Section 2 Part 3
GAS-SURFACE SCATTERING:
EXPERIMENTAL RESULTS
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2 .3 .1.1 Results fo r Argon and Helium fo r Three Samples of
2 .3 .1 .2 .
2.3.2
Stainless Steel with Engineering Surfaces 
The results presented here are the scattering patterns 
obtained when a thermal energy molecular beam impinges on 
a stainless' steel target at room temperature. Helium 
and Argon are used as the main tes t gases, although some 
results are presented fo r Hydrogen. A cosine d is tr ib u tio n  
is  also p lotted on the graphs to demonstrate the magnitude 
o f the deviations. The d is tribu tions  measured fo r  Argon 
have been normalised to those values obtained w ith the 
highly polished stainless steel specimen. The sca tte r­
ing patterns are shown in  f ig .  2.3.1. - f ig .  2.3.9 .
These results have been ca re fu lly  examined and the follow ing 
observations made:
1) both Helium and Argon demonstrate the presence o f 
backscattering. This is  most noticeable in the case 
o f the rough surfaces i .e .  ground and bead-blasted.
The degree of backscatterir.g is  related to the form 
of the surface, the te s t gas, and the beam incidence 
angle.
2) an appreciable frac tion  o f the Helium molecules are 
specularly scattered at the polished sta in less steel 
surface. This is  most noticeable at glancing beam 
angles.
3) fo r the same surface Helium is backscattered more 
than Argon.
Discussion of Results
These results show tha t when gas scattering is  ca re fu lly  
measured there are considerable deviations from the empir­
ica l Knudsen Cosine Law, especially fo r rough surfaces.
These results agree broadly w ith those obtained by O'Keefe 
and Palmer (1971). But the results o f O'Keefe and Palmer 
do not include any ind ication o f the surface roughness 
nor topology.
The Scattering o f Hydrogen from a Surface Using an 
Accumulation Type Detector
The f i r s t  detector used fo r scattering experiments w ith 
Hydrogen was a modified Mullard 10G 12 ion isa tion  gauge 
and th is  is  described fu l ly  in Section 1.4.5. I t  was 
expected that th is  gauge might behave in an unpredictable
way when used fo r Hydrogen measurements, because o f the
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2.3.3
2.3.4
r\
d issociation o f the molecular hydrogen at the hot tungsten 
filam ent. Therefore a new detector was constructed from 
a Mullard IOG 19 ion isation gauge. This gauge had two 
filaments - a tungsten filam ent and a lanthanum hexa-boride 
filam ent. The p a rticu la r m erit o f the LaB  ^ filam ent 
was tha t i t  produced electrons by thermionic emission at a 
temperature less than that at which dissociation o f the 
Hydrogen molecules occurred. -Fig. 2.3.10. shows the 
differences in the response o f the detector to a Hydrogen 
s igna l. The effects o f d issociation can be seen by the 
gradual increase in detector ind ica tion . The scattering 
results fo r Hydrogen were taken using th is  detector and 
operating the LaBg filam ent.
Flow-Through Detector: Scattering Results
The TOF flow-through molecular beam detector was used to 
make a number o f measurements on the scattering d is t r i ­
butions fo r molecules impinging on the polished stainless 
steel ta rge t. A typ ica l output from the phase sensitive 
detector is  shown in  f ig .  2.3.13. The results o f the 
lim ited  number of experiments carried out with th is  detector 
are shown in f ig .  2 .3 .11., and 2.3.12.
Discussion of Results
The spatia l d is tr ibu tions  o f Argon, Helium and Hydrogen 
scattered from the various samples o f stainless steel 
demonstrate the considerable deviations from cosine scat­
te ring . These deviations are dependent on both the rough­
ness o f the scattering surface and the beam gas. The 
results presented in  th is  thesis enable the e ffects o f 
surface and beam gas to be separated.
I t  has been d i f f ic u l t ,  however, to assess the fu l l  im p li­
cations o f these results because they are only presented 
fo r in-plane scattering. I t  should be noted at th is  
stage that th is  is consistent with other work in  the f ie ld .  
But, i t  is hoped to extend th is  work to include out-of-plane 
scattering, using a three dimensional target manipulator, 
to enable gas scattering from rough surfaces to be studied 
in more d e ta il.
Section 2 Part 4
CONSEQUENCES OF NON-COSINE 
SCATTERING
2.4.1 In tro d u c tio n
In Section 2.2 i t  has been shown that there can be considerable 
deviations from a cosine scattering pattern fo r  common gas- 
surface combinations. U ntil recently a ll "m ultip le  co llis io n "
transp ira tion , had only been considered assuming a cosine 
scattering law.
With the advent of more accurate vacuum gauge ca lib ra tion  
systems, an understanding of the consequences of non-cosine 
scattering becomes important. The value o f conductance 
fo r a p a rticu la r component calculated by conventional 
techniques, see Appendix D, may d if fe r  s ig n if ic a n tly  from 
the truevalue, because o f such scattering non-uniform ities. 
This w il l  introduce a systematic error in to  the ca lib ra tion  
of a vacuum gauge.
In the f ie ld  of high temperature chemical thermodynamics, 
the measurement o f the system equilibrium  pressure is  
fundamental. In order to measure the equilibrium  pressure 
of such a system at an elevated temperature, the pressure 
measuring device is  situated in an inter-connected chamber- 
at room temperature. The varia tion  o f equilibrium  pressure 
o f the chemical system is  measured over a range o f tempera­
tu re . Corrections are applied to compensate fo r  the 
effects of thermal transp ira tion . However, i t  has been 
shown that the simple corrections based on cosine scattering 
can lead to considerable errors in deriving the true e q u ili­
brium pressure in the te s t chamber.
I t  is  well known tha t gas enclosed in two vessels in te r ­
connected by means of a ca p illa ry  tube w il l  reach equilibrium  
when the pressure is  constant throughout the system, pro­
vided that the temperature o f the vessels is  uniform.
I f  the temperature of one vessel is  changed then the pressures 
in the system w il l  be given by the fo llow ing approximate 
formula:
processes, p a rtic u la r ly  conductance calculation and thermal
2.4.2 Thermal Transpiration
where P and T re fe r to the pressure 
and temperature in the respective 
vessels a, b are constants, i f  a = 1
then b -v 0.8  or i f " b  = i ,  then a ^ l. l
This phenomena is  known as 'thermal transp ira tion ' and 
was f i r s t  discovered by Newmann (1872), The above 
re la tionsh ip  with a = b = 1 was derived by Reynolds (1872) 
fo r  a tube between the two vessels. Knudsen (1910) 
showed tha t fo r cosine scattering at the walls the termi
P/T2 was constant along the interconnecting tube fo r con­
d itions o f no net gas flow. Wu (1968) examined Knudsen's 
approach rigorously. He found that there were regions
i
o f non-uniform gas d is tr ibu tions  where P/T2 was not constant. 
A fac to r I was introduced whose value was calculable from 
the system geometry and temperature d is tr ib u tio n . Wui
demonstrated that PI ./T2 was constant throughout the system,
J
where I .  was calculated from the molecular tra jec to rie sJ
in the region j .  The calculations of Wu can be considered 
as the calculation o f an equivalent temperature fo r a 
non-uniform gas.
O rig ina lly  i t  was thought tha t that the thermal tra n sp ir­
ation re la tionsh ip  was independent o f the nature o f the 
inter-connecting tube. Edmonds and Hobson (1965) showed 
that the expression P/T2 held when an aperture was used 
to connect the two vessels but not fo r  a tube. Many 
workers have shown that there are deviations from the 
thermal transp ira tion  expression. These include Pod- 
gurski and Davis (1961), Edmonds and Hobson (1965), and 
Hobson (1969). They found i t  necessary to represent the 
e ffe c t by an approximate expression which has been quoted 
e a rlie r  in th is  section tha t incorporated the constants 
a and b. M ille r  and Bruice (1966) a ttribu ted  the experi­
mental deviation o f a or b to the difference in transmission 
p robab ilities  fo r molecules tra ve llin g  in opposite d ire c t­
ions in the inter-connecting tube between the two vessels. 
Edmonds and Hobson (1965) demonstrated tha t the thermal 
transp ira tion expression could be represented by:
1
2
where P-j is  the pressure in  vessel 1
?2 is  the pressure in  vessel 2
T-j is  the temperature in  1
*2 is  the temperature in  2
IC|2 is  the p robab ility  o f molecules 
being transmitted through the tube from 
vessel 1 to vessel 2 
l<2i is  the p robab ility  o f molecules 
being transmitted from vessel 2 to vessel 
1 .
I f  a cosine d is tr ib u tio n  was maintained in the tube what­
ever the temperature gradients existing in  the tube, then 
IC|2 = l<2i . In practice i t  has been found tha t the 
transmission p rob ab ility  fo r  hot molecules co llid in g  with 
a cold surface is  greater than fo r cold molecules c o l l i ­
ding with a hot surface.
Sui (1972) used non-equilibrium thermodynamics to pred ict 
the varia tion  of *^ 21 / ^ i 2 W1' ^  ^ractl*on ° f  molecules 
specularly re flected during th e ir  passage through the 
tube, and the temperature gradient in the tube.
Using the experimental results o f Hobson(1969), Siu 
estimates tha t fo r a pa rticu la r set o f thermal tra n sp ir­
ation experiments using Helium and glass tubes, a fra c tion
0.32 o f the molecules incident on the glass surface were 
scattered specularly. Teuber (1967) also developed a 
technique fo r assessing the frac tion  of molecules specularly 
scattered during th e ir  passage through a tube. The tech­
nique involved measuring the temperature dependence of the 
tube conductance. Together with the method o f Sui, i t  
would be possible to pred ict the correction fac to r fo r 
the thermal transp ira tion  expression without a detailed 
examination o f each gas-surface in te rac tion .
The Effects of Specular Scattering on the Conductance 
o f Tubes
DeMarcus (1957) used the Variation technique to solve the 
complex in tegra l equation which is  encountered in the ca l­
culation of the conductance of a tube, when a proportion 
o f the gas molecules are specularly re flected by the surface 
o f the tube. In the analysis DeMarcus shows tha t the 
expressions obtained by Smoluchowski (1910) lead to inaccurate 
results especially fo r the case o f the short tube. He 
compares von Smoluchowski's results with his 'exact' solu­
t io n , but more importantly he develops an approximate 
formula which agrees closely w ith his 'exact' so lu tion .
This formula is  given below:
Q = Qq l - e + Q 0 ( 1 - £ ) 
1 - e + Q0 ( 1 + e )
*
2.4 .4
LONG TUBE (1/a = 100) SHORT TUBE (L/a = 2)
£ Q o
O
'
o
£ Q o
oo
0.0 0.025290 1.0000 0.0 0.51423 1 .0000
0.02 0.026260 1.0384
0.05 0.027747 1.0972
0.1 0.030477 1.2051
0.2 0.036744 1 .4529 0.2 0.58247 1.1327
0.3 0.044612 1.7640
0.4 0.054743 2.1646 0.4 0.65890 1.2813
Qq is  the conductance of the tube fo r cosine scattering 
in the tube
Q is  the conductance of the tube when a frac tio n  o f mole­
cules are specularly re flected a t each gas-surface ‘ 
c o llis io n
e is  the frac tion  specularly re flected .
These figures show, fo r  example, a tube having L /r  = 100 
i f  20% of the molecules transmitted through the tube were 
specularly re flected , the transmission p rob ab ility  would 
be increased by 45% over the cosine case.
Davis (1968) designed a vacuum gauge ca lib ra tion  apparatus 
fo r the UHV region. This used the p rinc ip le  o f dynamic 
pressure d iv is ion  using a ca p illa ry  tube to separate the 
high and low pressure chambers. Davis noticed tha t when 
Helium was used as a tes t gas a discrepancy o f 19% in  the 
conductance of th is  ca p illa ry  between the calculated and 
measured value. This underlines the need fo r care when 
calcu lating the conductance of tubes fo r Helium 
The Effects of Rough Surfaces on Molecular Flow Conductance 
Through Tubes
Davis, Levenson and Mi Heron (1964) showed by means of 
Monte Carlo techniques o f computation that free molecular
0.05 a
Q05a
a
smooth tube L /a = 2  , .
rough tube L / a  = 2
FIG 2.4.1 COMPARISON BETWEEN TUBES USED IN 
THE CALCULATION OF TRANSMISSION PROBABILITY 
BY CHUBB ( 1968 )
flow o f molecules through a tube could be substan tia lly  
modified by 'small scale' roughness on the surface o f the 
tube. Small scale means in th is  context about 5% o f the 
radius of the tube. This was confirmed by Chubb (1968). 
Chubb also showed how when the roughness fac to r was com­
parable with the radius of the tube, the transmission 
p robab ility  returned to almost i ts  o rig ina l value. The 
two cases considered are shown in f ig .  2.4.1.
L/a Clausing Rough Tube
1
Clausing/Rough Tube
1.00 0.672 0.611 - 0.013 1.10
1.55 0.573 0.524 - 0.025 1.095
2.00 0.5136 0.452 - 0.017 1.14
The results shown above re fe r to small scale roughness 
fo r tubes o f various L /a 's .
Section 3
THE EFFECTS OF DETECTOR MISALIGNMENT
©
JQ
3
3ac
UJ
c.o
13
O)
©
~a
CD
*o
©  CD 73
O
>-
crh-
UJ
s
o
LU
O
LU
CD
cr
< I—
Q
cr 
o
I—
o
LU 
I— 
LU 
Q
2
<
LU
CD
CN
CO
CD
L L
Introduction
This section relates to the errors tha t can arise in 
molecular beam scattering experiments when d irectiona l 
detectors are used. Accumulation type molecular beam 
detectors w ith an input tube are considered. The 
misalignment o f th is  input tube causes contours o f con­
stant detector s e n s it iv ity  to fa l l  asymmetrically on the 
target and thus lead to a change in the detector output.
I t  is  the purpose o f th is  section to establish the magni­
tudes o f the errors involved. A computer programme 
has been devised fo r these ca lcu lations.
Calculation o f the Variations in Detector Output fo r
Various Target-Detector Configurations
For th is  calculation the follow ing assumptions w il l  be
made:
1) molecules incident on, or re flected from the target 
move in s tra igh t lines in the molecular flow regime.
2 ) the molecular flu x  incident on the target is  uniform 
over the illum inated area o f the ta rge t.
3) the target is  s u ff ic ie n t ly  large so tha t the beam does 
not su ffe r any c u t-o ff.
The detector t  target arrangement is shown in  f ig .  3.2.1. 
Here the beam has a semi-minor axis o f dimension a. The 
beam is  incident on the target at an angle a . The 
coordinates o f the centre o f the illum inated target area 
are (0 ,0 ,0 ).
P is  a point where the axis of the accumulation detector o
intercepts the plane o f the ta rge t. I ts  coordinates are 
(xQ, y , 0 ). The fro n t face o f the input tube to the 
accumulation detector has coordinates (x ,y ,z ) . The 
detector input tube is  L units long and has a radius o f R 
un its . The angle the axis of the detector makes with 
the normal to the target is  3 .
Analysis
I t  is  required to evaluate the fo llow ing in te g ra l:
cos f  s ( Q)  dA1 (xo ,y o ; a * ^ ’ do* a# L/^  =
d2
E
where dQ is  the length o f the vector from to P ,
S ( e ) is  the s e n s it iv ity  function o f the 
detector
L /a  = -5 JO
DETECTOR
ANGLE
« incident beam angle
0 15 30 45 60 75
0 1.00 1.00 1.00 1.01 1.02 1.07
15 1.00 1.00 1. 00r5 1 .00c5 1.02 1.065
30 1.00 1.00 1.00 1.00 1.01 1.05
45 1.00 1.00 1.00 1.00 1.00 1.03
60 0.99 0.99 0.99 0.995 0.995 1.00
75 0.98,0 O.985 0.98,5 0.98c5 0.985
0.97,5
L/a  18.5
B
DETECTOR
ANGLE
a incident beam anclie
0 15 30 45 60 75
0 1.00 1.00 1.01 1.03 1.085 1.30
15 1.00 1.00 1 .00c5 1.03 1.08 1.29
30 0.985^ 0.98c0 1.00 1 .01c0 1.05c-5 1.23
45 0.97c0 0.97c5 0.98 0.995 1.03 1.155
60 0.97 0.97 0.975 0.98 1.00 1.07
75 0.95,*0 0.95,5 ° *955 0.955 0.96 0.98
Fig. 3.3.1
4 _    '
The Dependence o f the Detector Output on Illum inated Target Area and Detector Angle
¥ is  the angle between the general detector
vector d and the target normal
E is  the boundary of the in tegra tion  region
2 2 2 2i . e .  over the e llip s e , x cos a + y =a
The in tegra l I is  transformed in the fo llow ing way:
I = f (x ,y )  dx.dy
E
Put X cos 01 = w
then the in tegra l becomes
I = ~ 1 f /  w , y ] dw. dy
then I
C
2 2 2where C is  the c irc le  w + y = a in the w,y plane.
Now put w = r .  cos $
y = r .  sin $
dw. dy = r .  d r. d $
P 2 tt /  \= 1 r  dr . f ( r  cos $ , r  sin $ \d  $
cos a cos a
Dependence o f the Detector Output on Illum inated 
Target Area
The information derived from the experimental accumulation 
detector cannot be used d ire c tly  as a measure o f the 
scattered beam in te n s ity . This is  a consequence o f the 
f in i te  diameter of the incident molecular beam, the detector 
- target distance, and the d ire c tio n a lity  o f the beam detector. 
I t  is  necessary to introduce a correction fac to r tha t is  
dependent on both the position o f the detector re la tive  to 
the scattering surface and on the incident beam angle.
The correction factors have been computed fo r the p a rticu la r 
experimental layout that was used to determine the spatia l 
d is tr ibu tions  reported in th is  thesis. The results  are 
shown in f ig .  3.3.1. These values have been computed on 
the basis o f an experimentally determined (see section 
1 .2 .4 .2 .) beam diameter o f 3.0 mm. a target to detector 
distance o f 45 mm. and fo r accumulation detectors having 
input tubes o f length to radius ra tios o f 5.0 and 18.5.
The values fo r L/a =5 . 0  have been included so tha t they 
can be compared with a detector o f higher gain and therefore 
greater d ire c tio n a lity . The magnitude of the correction
The computations must be extended i f  i t  is  suspected fo r a 
pa rticu la r experiment the detector misalignment might 
exceed the lim its  estimated previously. Below is  an 
example of a typ ica l run to determine the extent o f 
errors due to misalignment. The results presented re la te  
to the expected detector output fo r two detector angles 
0.0° and 75.0° with a beam incidence angle o f 15.0°.
Alpha, angle o f incident beam is  + 15.0 degrees 
Beta, angle of detector is  + 0.0 degrees
\ yoNwn
Xo mm\
+0.0 +0.5 +1.0
t
+1.5
-1.5 +2.72 - 3 +2.69 - 3 +2.60 - 3 +2.47 - 3
- 1.0 +2.88 - 3 +2.85 - 3 +2.75 - 3 +2.60 - 3
-0.5 +2.99 - 3 +2.95 - 3 +2.85 - 3 +2.69 - 3
+0.0 +3.03 - 3 +2.99 - 3 +2.88 - 3 +2.72 - 3
+0.5 +2.99 - 3 +2.95 - 3 +2.85 - 3 +2.69 - 3
+1.0 +2.88 - 3 +2.85 - 3 +2.75 - 3 +2.60 - 3
+1.5 +2.72 - 3 +2.69 - 3 +2.60 - 3 +2.47 - 3
Beta, angle o f detector is  +75.0 degrees.
\ y°
’ \w n
Xo m m \
+0.0 +0.5 +1.0 +1.5
-1.5 +8.90 - 4 +8.77 - 4 +8.40 - 4 +7.86 - 4
- 1.0 +8.70 - 4 +8.57 - 4 +8.21 - 4 +7.67 - 4
-0.5 +8.47 - 4 +8.35 - 4 +8.00 - 4 +7.47 - 4
+0.0 +8.23 - 4 +8.11 - 4 +7.77 - 4 +7.26 - 4
+0.5 +7.97 - 4 +7.86 - 4 +7.53 - 4 +7.04 - 4
+1.0 +7.69 - 4 +7.59 - 4 +7.28 - 4 • +6.82 - 4
+1 .5 +7.40 - 4 +7.30 - 4 +7.02 - 4 +6.59 - 4.
The notation + 8 . 2 3 - 4  represents a detector output o f 
+ 8.23 x 10"^units
factors computed here emphasise th e ir  inclusion in any 
determination o f spatia l d is trib u tio n s  o f gas scattering 
from so lid  surfaces using d irectiona l accumulation type 
molecular beam detectors.
Dependence o f Detector Output on Detector Misalignment 
I t  is  most important to maintain the re la tive  positions of 
the beam, target and detector axes, in  order to reduce 
errors caused by the detector scanning across the target 
when the detector angle is  changed. The mechanical arrange­
ment o f the target/detector is  shown in f ig .  1 .5 .1 ., page 
I t  has been estimated tha t the maximum possible m isalign­
ment o f the projected detector input tube axis on the target 
is  ± 0.5 mm. In addition, i t  has been estimated tha t the 
maximum uncertainty in the position o f the beam centre­
lin e  on the target is  ± 0.2 mm. The effects of these 
misalignments have been computed fo r a wide range o f 
target and detector angles. These results show tha t the 
frac tiona l change in the detector output when the detector 
is  directed at a point displaced from the target centre 
is ,  to a f i r s t  approximation, independent o f beam in c i­
dence angle. This can best be demonstrated by the data 
presented below:
0 . 0,
1.03 1.01
1.00 0.98,0.0
■ 0 7 U795
0.0
Xo
1.011.03
TOO 0.99
1 0 6
Beam angle = 0 °  Beam angle = 75°
Detector angle = 75° Detector angle = 75°
L/a =18.5 ; target - detector distance 45 mm.; 
beam diameter 3 mm.; Xo, Yo represent the coordinates 
(mm.scale) o f points along the major and minor axes res­
pectively o f the illum inated target area. This data in d i­
cates an error not exceeding ± 3% o f the detected signal
introduced due to detector misalignment.
CONCLUSIONS
A high in ten s ity  thermal energy molecular beam apparatus has 
been designed and constructed. The use o f a multichannel source 
and su itab ly positioned beam forming elements enables the system to1 /r p
generate an argon beam flu x  o f 1.1 x 10 molecules/cm /sec a t the 
target.
For some of the scattering experiments the molecular beam was 
modulated. The factors involved in the choice o f a suitable beam 
modulator are discussed.
A new type o f high s e n s it iv ity  molecular beam detector has 
been developed based on the charged p a rtic le  o s c illa to r  as suggested 
by M c llra ith . Two versions o f the detector have been designed; 
one fo r t im e -o f- f lig h t studies where good time resolution is  
essentials the other fo r use when the highest ion isation e ffic iency  
is  required. At an emission o f 10 ak the p robab ility  o f ion isa tion
_ r  i  _  -j /
is  2.5 x 10 molecule" mm length of beam intercepted fo r argon 
at 20°C, a figu re  that is  comparable with the most e f f ic ie n t  flow­
through molecular beam detectors. A feature incoroorated in thei 1
t im e -o f- fl ig h t detector is  o f general application to charged 
p a rtic le  o sc illa to rs  with external ion co llec tion . I t  consists of 
a shaped electrode maintained a t a suitable p o ten tia l, termed a 
corrector p la te, that minimises the f ie ld  d is to rtio n  occurring at 
the ion e x it s lo t.
The properties of the accumulation type o f molecular beam 
detectors are discussed with pa rticu la r reference to th e ir  
d ire c tio n a lity  and gain. The theoretical expressions fo r these 
parameters are derived in th is  thesis, both fo r pa ra lle l and 
divergent incident molecular beams. These expressions together 
with a computer programme that has been developed in collaboration 
with G. M ille r (D ivision o f Numerical Analysis and Computing, NPL), 
have been used to study the e ffects o f detector misalignment on the 
measurement o f the spatial d is tr ib u tio n  o f molecules scattered 
from a .surface. Moreover, th is  programme has been used to calculate 
the varia tion in the detector output fo r  a range of incident beam 
and target angles, due to the f in i te  dimensions o f the ta rge t area 
illum inated by the incident molecular beam.
AC and DC techniques of signal recovery are discussed as well 
as a new technique fo r the analysis o f the noise spectrum from a 
beam detector.
The results o f experiments to measure the spatia l d is tr ib u tio n  
o f molecules scattered from targets with engineering fin ishes are
n v 'A C  A h f o r )  n r l  v 'r s l  n f  A r l  4* r\ 4 *h  a  c  i /■‘ a  -Fa a a I  a h u  T K a  r* / " » 4 * 4 “ a  v% ■? »a nc ^ v i i  o ' - u  j  w i t u  i ^  i  u  v / O u  vs /  Vi i L. J  vi i I U  v v  vs> p v /  i s/ y  Jr • i l l s *  j v / U  I n v j
results are used to demonstrate the effects of surface roughness and 
the specular re fle c tio n  o f helium on polished metal targets. In 
addition some results fo r hydrogen scattering are presented.
The consequences o f the non-cosine scattering patterns are 
discussed with-emphasis on the measurement o f pressure and molecular 
flow conductance.
The theoretica l aspects of the scattering o f molecules from 
rough surfaces is  discussed. I t  is concluded tha t only a computer 
simulation approach y ie lds meaningful resu lts , due to the 
effectiveness o f the method in dealing with m ultip le  gas-surface 
co llis io n  e ffec ts .
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APPENDICES
APPENDIX A
Ideal Detectors
In describing a quadrapole mass f i l t e r  fo r  molecular beam 
detection, Bennewitz and Wedemeyer (1963) discussed 
several parameters important in defining the signal to noise 
ra tio  o f a mass spectrometric molecular beam detector.
They showed the parameter H was p a rticu la r ly  important in  
determining the signal to noise ra tio  o f any electron 
bombardment molecular beam detector and i t  is  given by the 
fo llow ing expression:
where nu,ns are the number densities o f mole­
cules in the ion ise r and the beam 
respectively
V Vs are the volumes of the ionisation 
zone and the beam respectively.
For an "Ideal" detector the ion isation volumes fo r  the beam 
and the background gas are the same, i .e .  H = 1.
APPENDIX B
Determination o f the Values fo r Tg
The transmission p robab ility  fo r molecules flowing through 
tubes was calculated by Clausing (1932). Dayton (1956) 
was the f i r s t  to calculate e x p lic it ly  the transmission 
p rob a b ilitie s  fo r molecules leaving a tube at an angle, 
a •
The fo llow ing is a summary of the results o f Dayton and 
Clausing. For a tube of uniform, c ircu la r cross section, 
length, L, and radius, a, the p rob a b ility , Tx , tha t a 
molecule w il l  be emitted at an angle, a s to the tube 
axis is  given by :
3irp
where p =_L tanoc 
2a
2) p > 1 Ta =p + 4 (1 - 2p )
3ttp
where the value ofp, is  given by the fo llow ing 
expression
1) p< 1 Ta = 1 - 2_(1 -p) ( s in 'V  + p ( l-p 2)*)
TT
+ J L  ( l ) ( i - ( l - p2 ) 3 /2)
( u( u V l ) i  - u2 ) - (v(v2+1p - V2 )
9  1  9  1
( /  + I ) 2 (£T + I ) 2
and where u =_L - v 
2a
v = L . 7^
3L + 2a. 7*
Values o f p have been calculated fo r a wide range 
L/a and these values appear below.
L/a P L/a P L/a P
0.05 0.4877 5.5 0.1417 15.5 0.0696
0.1 0.4759 6.0 0.1347 16.0 0.0678
0.2 0.4536 6.5 0.1285 16.5 0.0662
0.3 0.4329 7.0 0.1228 17.0 0.0646
0.4 0.4137 7.5 0.1175 17.5 0.0631
0.5 0.3959 8.0 0.1127 18.0 0.0616
0.6 0.3794 8.5 0.1083 18.5 0.0602
0.7 0.3640 9.0 0.1042 19.0 0.0589
0.8 0.3497 9.5 0.1004 19.5 0.0577
0.9 0.3364 10.0 0.0968 20.0 0.0565
1.0 0.3240 10.5 0.0935 21.0 0.0542
1.2 0.3018 11.0 0.0904 22.0 0.0521
1.5 0.2739 11.5 0.0875 23.0 0.0501
2.0 0.2387 12.0 0.0848 24.0 0.0483
2.5 0.2135 12.5 0.0822 25.0 0.0466
3.0 0.1948 13.0 0.0798 30.0 0.0397
3.5 0.1802 13.5 0.0775 35.0 0.0346
4.0 0.1682 14.0 0.0754 40.0 0.0306
4.5 0.1581 14.5 0.0733 50.0 0.0249
5.0 0.1494 15.0 0.0714 100.0 0.0129
APPENDIX C
The Rough Cube Model
The probability of a molecule scattering into unit solid angle at 
(3, <{>) is given by:
P(3j<f>) = (3ttV2) D 13
where
- D12 b (d6K^  -  dtk1K4 + D8K?)/D6
D11 = D10D6 
D10 = V K1
D9
= D,_(exp K^)
D8
=
V 10
D7
=
(C9C10 + V l 1
D6
=
C9C11
D5
(exp ("Kj))
D4 = CU + c8
D3
S <a>'2
D2
= 2m u ./2kT 
s i  s
D r
= (A^.^) (C^ coscj)
Ku
=
K2/K1
K3
=
K2
=
D2C9C8
K1
= (D3 ♦ » 2 C p l
2 3/2x-1
= (ClCsc23(2C3cot3 + C^)) 
C 1Q =  C^ c s c 2 3
C9 = (C1(C3csc23 + C^cot3) + C
C8 (C_cot3 -P
C„ CnC,
7 2 3
C6
=
C2CU
_ c „ c0
5 1 3
= cos£
C3
= sin£
C2
= (1 - u)/2
C1 = . (1 + v)/2
where £ is the angle the incident beam makes with the 
normal to the target.
y is the ratio between the mass of the surface atom 
and the mass of the incident gas molecule/atom.
The definition of the angles 3, and <f> is given 
in fig C1.
Reference : Bishara (1969)
This is the complete set of analytical expressions required for the 
calculation of the effects of thermal roughening on the spatial 
distribution of scattered gas molecules.
Normal to  
target surface
Principal axis
P“ <j> COORDINATE SYSTEM
APPENDIX D
Survey o f the Calculation o f Conductances fo r the Dynamic 
Flow Technique fo r Vacuum Gauge Calibration 
The generation o f standard pressures using the dynamic flow 
technique depends on the precise knowledge o f the o r if ic e  
conductance. Specular re flec tion  or surface roughness 
w h ils t in fluencing the fin a l value do not have as much 
e ffe c t as the basic corrections tha t must be applied in  
calcu lating the conductance o f a practica l o r if ic e  plate 
configuration.
Free-Molecular Conductance '
Conductance is  determined between specified cross sections as 
the throughput o f gas under steady state conservative con­
d itions divided by the difference in pressures at the two 
specified cross sections.
u = 0
I t  is  assumed that the tube connects two large vessels in a
way in which the molecules enter and leave the chamber
independent o f the flow , a constant pressure d iffe re n tia l is
maintained between the two chambers and the flow is  steady.
Conductance o f an Ideal O rifice
Knudsen (1909) deducted the formula fo r the flow o f gas 
through a c ircu la r o r if ic e  in a vessel having walls o f 
neg lig ib le  thickness.
The conductance was given as
U = A [W~ or 1  EA
V 2m 4
This expression is  va lid  fo r  a Maxwellian speed d is tr ib u tio n  
and a cosine d is tr ib u tio n  of d irections. The concepts 
associated with these gas kine tics are covered in the standard 
texts v iz Kennard (1938), Loeb (1934) etc.
Conductance o f Tubes
The practica l o r if ic e  plate has a f in i te  thickness and 
so its  conductance w il l  be less than an ideal o r if ic e
o f the same diameter. The plate can be regarded as a short
cy linderica l duct. The transmission p roba b ility  fo r  mole­
cules incident on such ducts has been calculated by Clausing 
(1930) and a table of the transmission p ro b a b ilit ie s , K, 
fo r values o f L/a fo r the duct are given in  the table overleaf.
L
a
K L
a
K L
a
K
0.0 1.0000 1.7 0.5518 8.0 0,2316
0.1 0.9524 1.8 0.5384 9.0 0.2131
0.2 0.9092 1,9 0.5256 10 0.1973
0.3 0.8699 2.0 0.5136 12 0.1719
0.4 0.8341 2.2 0.4914 14 0.1523
0.5 0.8013 2.4 0.4711 16 0.1367
0.6 0.7711 2.6 0.4527 18 0.1240
0.7 0.7434 2.8 0.4359 20 0.1135
0.8 0.7177 3.0 0.4205 30 0.0797
0.9 0.6940 3.2 0.4062 40 0.0613
1.0 0.6720 3.4 0.3931 50 0.0499
1.1 0.6514 3.6 0.3809 60 ' 0.0420
1.2 0.6320 3.8 0.3695 70 0.0363
1.3 0.6139 4.0 0.3589 80 0.0319
1.4 0.5970 5.0 0.3146 90 0.0285
1.5 0.5810 6.0 0.2807 , 100 0.0258
1.6 0.5659 7.0 0.2537 1000 0.002658
The values fo r K in the above table have been superceded by 
those values calculated by DeMarcus (1957) using a rigorous 
analysis. Davis (1960) has also calculated the transmission 
p robab ility  o f molecules flowing through tubes using Monte 
Carlo techniques. These results are compared in  the table 
below:
L
a
De Marcus Error Clausing Davis Error
0 1.000000 0 1.0000 1.000
0.5 0.8012176 1 0.8013 0.804 9
1.0 0.671984 5 0.6720 0.678 4
1.5 0.581482 4 0.5810 0.571 11
2.0 0.514230 13 0.5136 0.522 5
The Conductance of a Conical Duct
2 q
Iczkowski, Margrave and Robinson (1963) have calculated 
the transmission p robab ility  fo r molecules incident on a 
conical duct. These are shown in the table overleaf.
The Conductance o f an O rifice  Centrally Positioned in 
a Tube
The conductance of th is  configuration has been calculated 
by Bureau et al (1952) and is  given by the follow ing 
expressioni­
u m
1 - A/Ao LA
+ 3 
4
Do Ao
-1
KA
where D is  the diameter of the main tube o
Aq is  the area o f the tube
A is  the area of the central o r if ic e
C is  a dimensionless constant c=l
fo r  A small, c = l.33 fo r  A = Ao
L is  the distance betv/een points
between which the conductance U 
is  calculated.
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APPENDIX E
Ah Outline o f the P rincip le  of Reciprocity applied to
Gas-Surface Interactions
Early derivations of the cosine scattering law usually 
showed the law to be a consequence of the second law o f 
thermodynamics. Clausing (1930) suggested tha t i t  was also 
a consequence o f detailed balance. Weenas (1971) has 
pointed out tha t the p rinc ip le  o f detailed balance can be 
properly applied to gas-surface interactions only fo r 
specific  gas-surface scattering laws, e.g. cosine scatte ring . 
Whereas.the p rinc ip le  o f rec ip roc ity  could be used fo r an 
a rb itra ry  gas-surface in te raction  law. In order to ju s t i fy  
th is  statement Weenas examines the two princ ip les in terms 
o f the tra n s itio n  p robab ility  T, where T ( A + B, C ^  D ) 
represents the p robab ility  per un it time tha t a p a rtic le  in 
state A makes a tra n s itio n  to state B by c o llid in g  with a 
surface or other p a rtic le  in state C, which makes a 
simultaneous tra n s itio n  to state D.
Detailed balance is  usually described by the fo llow ing :
T ( A + B, C + D ) = T ( B A, D + C )
whereas rec ip roc ity  is usually represented by the fo llow ing:
T ( A -  B, C *  D ) = T ( Br -  Ar , Dr + Cr  )
where partic les  in states A and AR are the same in every 
respect except that the momenta are reversed.
He pointed out that the elements o f the Reciprocity 
tra n s itio n  matrix remain invarian t under time reversal and 
coordinate re fle c tio n , which needs to be sa tis fie d  in  a 
gas-surface in te rac tion . The mathematical basis fo r  th is  
is  discussed by Cercignani (1969).
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